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A  regional  assessment  of  the  effective  CO2 storage  capacity  within  the  Swedish  Sector  of  the  Baltic
Sea  Basin  has  been  performed.  Storage  within  several  deep  Cambrian  sandstone  aquifers,  sealed  by a
thick  sequence  of Ordovician  and  Silurian  limestone  and  marlstone,  was  investigated.  Stratigraphic  and
structural  traps  were  considered  within  the  Faludden,  När  and  Viklau  reservoirs.  Effective  CO2 storage
capacities  and  associated  uncertainty  were  calculated  probabilistically,  using  methods  outlined  by  the
U.S. Department  of  Energy  and  the U.S. Geological  Survey.  Detailed  characterisation  of  porosity,  reservoir
thickness,  top  reservoir  structure,  CO2 density  and storage  efﬁciency  factor  was  performed.  A  Monte  Carlo
approach  was adopted  to  generate  distributions  of effective  storage  capacity  for  the  scenarios  consid-
ered.  Within  the  study  area,  the  most  suitable  structural  trap  is the S41/Dalders  structure,  located  in  thealudden/Deimena
är/Viklau
eep saline aquifers
ncertainty assessment
southeastern  part of the  Swedish  sector,  with estimated  low,  mid  and  high  storage  capacities  of  85 Mt,
145  Mt  and  224  Mt,  respectively.  The  regional  Faludden  stratigraphic  pinch  out trap  was  assessed  to  have
low,  mid  and  high  effective  storage  capacities  of 4330  Mt,  5579  Mt  and 6962  Mt,  respectively.  The storage
capacity  methodology  outlined  here,  that  includes  estimates  of uncertainties,  may  be  easily  adapted  to
other  areas  of  interests  for  geological  storage  of  CO2.
©  2014  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND. Introduction
It is with 95% certainty that human activity is primarily respon-
ible for observed increases in global temperatures since the mid
0th century (IPCC, 2013). Unless action is taken it is likely that
his trend will continue into the 21st century (IPCC, 2005). CO2
apture and geological storage (CCGS) is one of a range of options
vailable to policy makers to reduce emissions of CO2 into the atmo-
phere and to mitigate further climate change in the future (IPCC,
005). In order for nations and policy makers to make informed
ecisions on the implementation of CCGS in the future it is crucial to
haracterise suitable geological formations for storage and perform
easonable assessments of their potential storage capacity (CSLF,
008). Sweden, located in northern Europe (Fig. 1), emitted 65.5 Mt
CO2 equivalent) of greenhouse gases in 2010 (EEA, 2013), of which
pproximately 80% was CO2 (52.8 Mt). Signiﬁcant portions of the
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total emissions derive from the transport sector and process indus-
try which account for approximately 21 Mt  and 17 Mt,  respectively.
In 2010 the surrounding countries of Estonia, Latvia, Lithuania and
Poland emitted 20 Mt,  12 Mt,  21.1 Mt  and 401.7 Mt  (CO2 equivalent)
of greenhouse gases, respectively (EEA, 2013) (Fig. 1). It is there-
fore important for Sweden and the surrounding countries to gain
a better understanding of the potential to reduce CO2 emissions
through CCGS, and to identify and characterise suitable storage
opportunities.
The term CCGS covers a range of possible options for long term
storage of CO2 in geological formations within the subsurface.
However, storage within sedimentary formations is currently the
best understood and is considered the most promising strategy
(IPCC, 2005). The primary options are enhanced oil or gas recovery
using CO2, storage of CO2 in depleted oil or gas ﬁelds and storage
in deep saline aquifers (IPCC, 2005). Sedimentary strata are not
abundant in Sweden as the bedrock is predominantly composed
of metamorphic and igneous rocks belonging to the Baltic Shield
(Erlström et al., 2011). However, sedimentary strata are relatively
widely distributed in the south and south western offshore parts of
Sweden. Previous studies have identiﬁed the Palaeozoic sequence
in the Baltic Basin and the Mesozoic sequence in the Danish Basin
of south western Scania (Skåne) and southern Kattegat as the
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1. Maps detailing the marine bedrock geology and structure of the Baltic Basin. (A) Map  of the marine bedrock geology below the Baltic Sea modiﬁed from Europe BGR
5M,  with the permission of OneGeology, 2012. (B). Structure map  of the Baltic Basin, faults and closure outlines outside of Swedish territory are after Vernon et al. (2013).
Closures within the Swedish sector have been identiﬁed as part of this study. Depth of basin structure contours after Shogenova et al. (2009b).
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ost interesting potential sites for CO2 storage (Erlström et al.,
011; Vernon et al., 2013). As these sedimentary basins are not
ost to large oil, gas or coal reserves the most promising option for
O2 storage in Sweden is therefore within deep saline sandstone
quifers (Erlström et al., 2011).
In this study we focus on evaluating the CO2 storage capacity of
eep Cambrian saline aquifers within the Baltic Basin, located to the
outheast of the Swedish mainland (Fig. 1). CO2 storage in the Baltic
asin has been assessed previously by others, e.g. GeoCapacity
2009), Shogenova et al. (2009b), Erlström et al. (2011), Vernon
t al. (2013) and Anthonsen et al. (2013). However, our study dif-
ers from previous work on the following points; (1) we  offer the
ost detailed regional assessment of the effective storage capac-
ty to date, within saline aquifers of the Baltic Basin, focusing
n the Swedish sector; (2) we address multiple aquifers within
 stacked sequence; (3) we combine the methodology used by
he U.S. Department of Energy (USDOE, 2010) with a probabilis-
ic approach proposed by the U.S. Geological Survey (USGS) (USGS,
009). This study, therefore, can be considered a case study detail-
ng the application of this probabilistic methodology, which can
asily be applied to other areas to obtain robust estimates of effec-
ive storage capacity and the associated uncertainty.
. Background geology
The Baltic Basin is an intracratonic, predominantly Palaeozoic
asin, located in northern Europe (Fig. 1). In the Swedish sector
he sedimentary cover typically ranges in thickness between 0 and
500 m,  however it reaches over 4000 m in the southern parts of the
asin, in northern Poland (Fig. 1). The Palaeozoic deposits, including
he potential storage aquifers within the Cambrian, belong struc-
urally to the Baltic Syneclise (Sˇliaupa et al., 2011). This structure
orms a regional asymmetrical basin which was likely initiated as
arly as the Late Precambrian in connection with an east-west
rending rift system. This NE–SW trending epicontinental basin
ithin the East European Craton, centred in the southern Baltic Sea;
ncluding parts of Sweden, Poland, Latvia, Lithuania and Estonia;
s bounded to the south by the Teisseyre–Tornquist Zone, which
eparates it from the Middle European Plate and the Danish Polish
asin (Ziegler, 1990). The formation of this depression played a cru-
ial role on the distribution, and lithofacies of the Precambrian to
ower Palaeozoic sedimentary successions in the Baltic area.
The sedimentary successions in the Swedish sector compose
he western and north western ﬂanks of this synclinal structure,
onsisting of a gently dipping sequence of strata with succes-
ively younger bedrock outcropping towards the southeast (Fig. 1).
he overall dip of the strata in the Swedish sector is 1–2◦ to the
outh-southeast. The Palaeozoic sequence is, in the Swedish sec-
or, relatively undisturbed by faulting. A limited number of minor
aults with less than 50 m of throw are indicated in the seismic data
Sopher et al., submitted). Signiﬁcant faulting is, however, observed
n the transition zone between the relatively undisturbed Palaeo-
oic sequence in the Swedish sector of the Baltic Syneclise and the
esozoic sequences of the Hanö Bay Basin, close to the Yoldia well
Vejbaek et al., 1994; Sopher and Juhlin, 2013) (Fig. 1). The base-
ent underlying the sedimentary strata in the investigated area
onsists primarily of igneous and metamorphic rocks from the Sve-
ofennian orogeny (1.95–1.75 Ga) (Tuuling and Flodèn, 2011) and
s typically of low topographic relief due to signiﬁcant erosion prior
o the onset of sedimentation in the Cambrian (Cocks and Torsvik,
005). In some areas, however, most notably to the northwest of
otland, deposits of Jotnian and sub-Jotnian age are interpreted to
e present overlying the Svecofennian basement (Flodèn, 1980).
The B3 well is one of several wells drilled by OPAB in the offshore
rea south of Gotland. The strata encountered in this well can be
onsidered as representative of the sedimentary cover for muchnhouse Gas Control 30 (2014) 148–170
of the Swedish sector of the Baltic Basin (Fig. 2). The Cambrian is
characterised as a period of slow post-rift subsidence, where the
study area was successively submerged. This gave rise to shallow
marine conditions, coincident with the opening of the Tornquist
Sea (Poprawa et al., 1999). Throughout the Cambrian, a sequence
of shallow marine sandstones, shales and siltstones were deposited
(Nielsen and Schovsbo, 2007). Southeast of Gotland the Cambrian
sequence is up to 200 m thick, while gradually decreasing in thick-
ness towards the north and west. The sequence is stratigraphically
deﬁned as the File Haidar and Borgholm formations and include,
beside siltstone and claystone, three, up to 50 m thick, Lower and
Middle Cambrian sandstone units in the Swedish sector. These are
the Viklau, När and Faludden sandstones. The Lower Cambrian
Viklau and När sandstone units, associated with periods of low-
stand (Nielsen and Schovsbo, 2011), can be correlated across much
of the study area. The sandstones outcrop along the present west-
ern boundary of the Palaeozoic rocks in the Swedish sector, e.g. in
the Kalmar Strait area and as scattered occurrences on the Swedish
mainland. The middle Cambrian Faludden sandstone (referred to
as the Deimena Formation in Estonia, Latvia and Lithuania) can
only be found in the south eastern part of the Swedish sector. The
sandstone, which unconformably overlies the Mossberga Mem-
ber (Nielsen and Schovsbo, 2007), generally has a sharp base and
reﬂects a period with stepwise movement of the coastline and asso-
ciated lithofacies to the west. The sandstone can, thus, together
with the Deimena sandstone units, be considered as representing a
series of stacked isolated regional bodies of sandstone, bounded by
ﬁne-grained more distal deposits to the west and overlain by Furon-
gian or Tremadocian shale and/or carbonates. The deposition took
place during a regional sea-level withdrawal in the Baltic Basin.
The Faludden sandstone is thickest in the central parts of the south
Baltic. A maximum assumed thickness is in the range of 50–60 m,
veriﬁed by 48 m in the B9 well south of Gotland, located in the distal
most parts of the Swedish sector (Fig. 1). The Faludden sandstone
pinches out west of Gotland, unlike the Viklau and När sandstones
which outcrop at the surface.
The Viklau, När and Faludden sandstone units are associated
with deeper marine conditions represented by claystone and
siltstone beds found in-between these sandstone units, namely
the Mossberga, Grötlingbo and När shale members (Nielsen and
Schovsbo, 2007). The Faludden sandstone is overlain to the south-
east by the Upper Cambrian to lowermost Ordovician Alum Shale,
which in this area is a distinctive 3–5 m thick, organic rich shale
interval. To the northeast of the study area, however, the Alum shale
is absent.
Overlying the Cambrian formations is a typically 60–80 m
thick Ordovician sequence, consisting of variably argillaceous
carbonates and calcareous claystones (U¯saityte˙, 2000), deposited
during a basin wide regression at the beginning of the Ordovician.
The Ordovician sequence is poorly deﬁned stratigraphically in the
offshore area. The existing deﬁnition is based on an informal clas-
siﬁcation by OPAB based on geophysical wire-line data and general
lithological well site descriptions. Their classiﬁcation includes three
units, the Bentonitic, Kvarne and Klasen limestone units. The lower
Kvarne and Bentonitic limestone units have a fairly constant thick-
ness and geophysical signature over the study area. The uppermost
Klasen unit is more variable in thickness due to the occurrence
of carbonate mounds which signiﬁcantly increase the thickness
locally (Sivhed et al., 2004). These carbonate mounds are observed
more frequently to the northeast of the study area and around
Gotland, indicating a transition to a shallower shelf environment in
these areas towards the end of the Ordovician (Kiipli et al., 2008).
A thick Silurian sequence overlies the Ordovician, which across the
study area is characterised by marlstone, limestone and mudstone
(U¯saityte˙, 2000). In the study area the Silurian is, primarily, charac-
terised as a relatively monotonous sequence of variably calcareous
D. Sopher et al. / International Journal of Greenhouse Gas Control 30 (2014) 148–170 151
F or of 
l eservo
m
M
s
s
a
2
s
2
p
d
e
e
t
d
t
aig. 2. Well correlation panel of the Cambrian succession across the Swedish sect
ithological interpretation and gamma  ray logs. Microphotographs from the three r
udstone and marlstone interrupted by a few limestone beds.
oving towards the north of the study area, a transition to a shallow
helf environment is inferred within the upper parts of the Silurian
equence, where reef and barrier structures can be observed, as well
s clastics (Flodèn, 1980; Tuuling and Flodèn, 2009; Erlström et al.,
009). Overlying the Silurian in the far southeast of the Swedish
ector are terrestrial Devonian sediments (U¯saityte˙, 2000) (Fig. 1).
.1. Potential for CO2 storage
Within the Baltic Sea Basin the most suitable reservoirs for
otential CO2 storage, have been identiﬁed as the Cambrian Falud-
en, När and Viklau sandstone units (GeoCapacity, 2009; Sliaupa
t al., 2008; Shogenova et al., 2009a,b; Erlström et al., 2011; Vernon
t al., 2013; Anthonsen et al., 2013). All units reach depths greater
han approximately 700 m within the Swedish sector, the minimum
epth required to store CO2 in a supercritical state (Section 5.3). All
hree units can furthermore be considered as deep saline aquifers
nd contain only small local accumulations of gas and residualthe Baltic Basin. Depth below Mean Sea Level for each well is shown, along with
ir sand intervals from wells in the Swedish sector are also shown.
oil (Erlström et al., 2014). The salinities of formation water pro-
duced from Cambrian sandstones in the Faludden 1 well, Gotland,
vary between 20 and 60 g/l NaCl (OPAB unpublished report). The
Cambrian sandstones are considered to be suitable for CO2 stor-
age as the permeability ranges between 5 and 500 mD at depths of
approximately 1400 m (Shogenova et al., 2009b). The well sorted,
medium-grained quartz Faludden sandstone is considered to be
the most promising of the Cambrian sandstones for CO2 storage
(Erlström et al., 2011; Vernon et al., 2013), reaching thicknesses of
up to 50 m in parts of the study area (Fig. 2). Based on well log data,
it is characterised as homogeneous, with only a few thin clay lay-
ers. Log data and analyses on cores give a porosity and permeability
ranging between 10–16% and 200–400 mD,  respectively.
The När sandstone is a ﬁne- and medium-grained quartzitic and
glauconitic sandstone (Nielsen and Schovsbo, 2007). The unit is
notably less homogeneous than the Faludden sandstone, contain-
ing frequent siltstone and claystone interbeds. The gamma ray log
response is higher and less uniform in comparison with the Falud-
den, indicating a less homogeneous unit with a higher clay content
152 D. Sopher et al. / International Journal of Gree
Fig. 3. Schematic cross section through Lower Palaeozoic successions of the Baltic
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across a range of scales with variable amounts of input data.asin. Potential structural and stratigraphic traps within the Cambrian sandstone
eservoirs are highlighted.
Fig. 2). Porosities and permeabilities are, therefore, assumed to
e lower in the När sandstone when compared with the Faludden.
he Viklau sandstone in the lower part of the Cambrian succession
s composed of poorly sorted, ﬁne- and medium-grained, arkosic
andstone. It is also commonly well indurated by silica cement,
esulting in low porosity and permeability. Shale and siltstone
ominated intervals are, in addition, common within the Viklau
nit, implying a relatively low overall net sand to gross reservoir
nterval (Fig. 2). The Viklau is, thus, considered the least favourable
eservoir unit of the three Cambrian sandstone units.
Formations which are suitable as cap rocks for potential CO2
torage are also present within the Palaeozoic successions of the
altic Sea (GeoCapacity, 2009; Sliaupa et al., 2008; Shogenova et al.,
009a,b; Erlström et al., 2011; Vernon et al., 2013; Anthonsen et al.,
013). Of these, the Ordovician Bentonitic limestone unit and the
ower Silurian marlstone dominated section are evaluated as the
ost important ones. The 45–60 m thick Bentonitic limestone unit
onsists of well indurated, light grey microcrystalline limestone
ith horizontal interbeds of bentonite clay. The unit is inferred
o have very low permeability and porosity. Small gas accumu-
ations within the Faludden are documented across the Swedish
ector, demonstrating the effectiveness of this unit as a cap rock
Erlström et al., 2014). Based on well log data, the lower Silurian
ection appears to be largely homogeneous across the study area,
onsisting typically of a 300–1000 m thick sequence of marlstone
nd argillaceous limestone. It is therefore inferred to have very low
orosity and permeability and, hence, be effective as a secondary
ap rock. The Cambrian Tessini shale and När shale intervals, which
re typically greater than 50 m and 25 m thick, respectively, are
ikely to have low porosities and permeabilities and can be assumed
o act as intermediate seals for the Viklau and När sandstone reser-
oirs, respectively. However, the strongest evidence of the sealing
apacity of the bedrock in the Baltic Basin is the occurrence of oil
nd gas reservoirs in the Cambrian sequence in the east (Brangulis
t al., 1993).
A series of reservoir–seal pairs can, therefore, be identiﬁed
ithin the Baltic Sea Palaeozoic sequence, leading to a range of
ossible storage scenarios, which will be considered in this study
Fig. 3). We  consider both structural and stratigraphic traps, since
hese provide the most signiﬁcant trapping mechanisms within the
rst 10–100 years of injection (IPCC, 2005). A structural trap can
e deﬁned as an area of a reservoir–seal pair which is structurally
igher than the surrounding area; this could for example be due to
he presence of a dome or anticlinal structure, or due to offset on
ne or several faults. Injected CO2, which is typically more buoyant
han the in situ brine, will therefore rise and become trapped
ithin these areas (Fig. 3). Structural traps have been identiﬁed
ithin the Baltic Basin by others (GeoCapacity, 2009; Shogenova
t al., 2009a,b; Vernon et al., 2013). Fig. 1 shows a number ofnhouse Gas Control 30 (2014) 148–170
structural traps identiﬁed across the Baltic Basin as part of the
BASTOR project (Vernon et al., 2013). These include structural
traps known to host accumulations of oil and gas. A stratigraphic
trap can be considered as a reservoir (overlain by a cap rock) which
either pinches out or transitions into a non-reservoir facies in the
up dip direction. Injected CO2 will migrate up dip where it will be
trapped within the extent of the reservoir (Fig. 3).
The När and Viklau sandstones are considered to be open
aquifers, as they outcrop to the northwest. Therefore, we consider
the potential storage within structural closures only in these reser-
voirs (Fig. 3). The Faludden reservoir, however, does not outcrop on
land or at the seabed and is, thus, considered a closed aquifer. We
therefore consider structural traps within the Faludden reservoir as
well as the possibility of utilising the entire Faludden sandstone as
a stratigraphic trap (Fig. 3). Erlström et al. (2011) and Vernon et al.
(2013) also suggested that the Faludden can act as a large strati-
graphic trap. In the following section we outline the methodology
adopted by others to assess CO2 storage capacity in structural and
stratigraphic traps.
3. Previous storage capacity estimations
In this study we adopt the terminology proposed by the Carbon
Sequestration Leadership Forum (CSLF) (CSLF, 2008) for classifying
the type and scale of assessment. We  will here only consider the
effective storage capacity (CSLF, 2008), which can be deﬁned as the
fraction of the total pore space (theoretical storage capacity) within
a saline aquifer which is suitable for storage when considering a
range of geological and engineering constraints. Our assessment
will be on a regional scale, considering the level of detail of inves-
tigation and the study area (Bachu et al., 2007).
When assessing the potential storage capacity of a deep saline
aquifer either “open” or “closed” aquifer systems can be considered
(Bachu et al., 2007). The open system assumes that the aquifer is
large and open to ﬂow and, hence, that the in situ water can be
readily displaced by injected CO2. The storage capacity is therefore
primarily a function of the total pore space of the rock. The closed
system assumes that brine cannot be easily displaced from the sys-
tem. The capacity is therefore a function of the compressibility of
the reservoir and in situ brine, as well as the maximum safe reser-
voir pressure allowed to avoid fracturing the seal. In this study we
consider the reservoirs to act as open systems where the capacity
can be calculated by so called volumetric methods (Bachu et al.,
2007).
In recent years many groups have performed estimates of sub-
surface CO2 storage capacity within a range of deep saline aquifers,
distributed across numerous basins throughout the world (c.f. Van
der Meer and Egberts, 2008). A few examples of different stor-
age capacity assessments are mentioned below. In Chadwick et al.
(2008) a range of CO2 storage case studies were discussed, for which
storage capacities were calculated, for example, the Utsira Sand
reservoir, North Sea. Ogawa et al. (2011) described the results of a
nationwide CO2 storage estimate in Japan. Qiao et al. (2012) charac-
terised and performed an assessment of the storage capacity within
the Subei Basin, East China. Kolenkovic´  et al. (2013) performed a
storage capacity assessment of part of the Pannonian Basin, East-
ern Europe. Bédard et al. (2013) calculated the storage capacity of
the St. Lawrence Lowlands Basin in Québec, Canada. Neele et al.
(2013) discussed the results of a study of the storage capacity of off-
shore saline aquifers and depleted gas ﬁelds, offshore Netherlands.
Although broadly similar in principle, these different assessments
utilise a range of methodologies and assumptions, and operateIn 2004 the CSLF established a team to develop a standardised
methodology for storage capacity estimates and reporting (Bachu
et al., 2007; CSLF, 2005). In 2008 the CSLF concluded that the
D. Sopher et al. / International Journal of Gree
Table  1
Ranges of the 5 input parameters used to calculate Esaline for regional assessment
of  clastic reservoirs (USDOE, 2010). Original values are taken from the IEA study
(2009).
EAn/At 0.2–0.8
Ehn/hg 0.21–0.76
E 0.64–0.77
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Ev 0.16–0.39
Ed 0.35–0.76
ethod utilised by the USDOE or the method proposed by the CSLF
ould be considered robust and appropriate to provide storage esti-
ations for CCS policy makers (CSLF, 2008). A discussion on the
imilarities between the two methods highlighted that they are
omputationally equivalent when calculating the effective storage
apacity for deep saline aquifers. The methodology used to calculate
he CO2 storage capacity outlined in the USDOE Carbon Sequestra-
ion Atlas III (USDOE, 2010) is:
CO2 = AthgtotEsaline (1)
here GCO2 is the storage capacity mass estimate, At is the area of
he saline aquifer, hg is the vertical thickness of the saline aquifer
ormation, tot is the total porosity of the formation,  is the density
f CO2 at reservoir conditions and Esaline is the storage efﬁciency
actor. The storage efﬁciency factor Esaline is a complex term which
orrects for a number of factors which account for those parts of the
ormation which may  be suitable for CO2 storage or the fraction of
he total pore volume which is suitable for CO2 storage. In addition,
he CO2 plume geometry is also taken into account. The storage
fﬁciency factor Esaline is calculated by:
saline = EAn/At Ehn/hg Ee/totEvEd (2)
The ﬁrst three terms deﬁne the volume of the formation which
s suitable for CO2 storage. If “net” is deﬁned as the portion of the
ormation which is suitable for CO2 storage then EAn/At is the net-
o-total-area of the formation, Ehn/hg is the net-to-gross-thickness
f the formation and Ee/tot is the effective-to-total-porosity of
he formation. The last two terms account for the displacement
fﬁciency of the CO2 plume (USDOE, 2010). Ev is the volumetric
isplacement efﬁciency of the CO2 plume within the reservoir. Due
o the buoyancy of the CO2 within the formation, as well as het-
rogeneities in the storage reservoir, the growing plume will not
niformly ﬁll a given volume of the reservoir surrounding the injec-
ion well. Therefore, the Ev term accounts for the proportion of the
eservoir around a given injection well which does not come into
ontact with CO2 (IEA, 2009). The microscopic displacement efﬁ-
iency Ed describes the fraction of the effective pore volume which
annot be occupied by CO2 (USDOE, 2010).
The storage efﬁciency factor is difﬁcult to estimate due to
he large number of factors and the lack of measured values. In
009 the International Energy Agency (IEA) presented a study
ith a set of broadly applicable storage efﬁciency factors (IEA,
009). In that study numerical modelling was  applied, which
ncluded data from over 20,000 reservoirs around the world
ith the aim to develop a set of storage efﬁciency values which
ould be considered representative for both site speciﬁc and
ormation level scales (IEA, 2009). The IEA study reports ranges of
An/At , Ehn/hg , Ee/tot , Ev and Ed, based on the input reservoir data
nd numerical modelling, as a function of lithology (IEA, 2009)
Table 1). In order to generate regional storage efﬁciency factors
or the USDOE Carbon Sequestration Atlas III (USDOE, 2010),
hese lithology based ranges were used to deﬁne log-odds normal
istributions (Aitchison and Shen, 1980) for EAn/At , Ehn/hg , Ee/tot ,
v and Ed. These distributions were then sampled using a Monte
arlo scheme to deﬁne a distribution of storage efﬁciency factors.
his allowed 10th, 50th and 90th percentile (sometimes referrednhouse Gas Control 30 (2014) 148–170 153
to as P10, P50, P90) storage efﬁciency factors of 0.51%, 2.0% and
5.4% to be deﬁned for clastic lithologies (USDOE, 2010).
The uncertainty in effective storage capacity in the USDOE
methodology is assessed using the 10th, 50th and 90th percentile
storage efﬁciency factors and representative mean values of At, hg,
tot and  (USDOE, 2010). One advantage of this method is that it
provides an estimate of the uncertainty in the CO2 storage capac-
ity, even with very limited input data. However, a disadvantage is
that it considers uncertainty in the Esaline factor only. Therefore, it
is likely that if the uncertainties in At, hg, tot and  can be charac-
terised, as well as the uncertainty in the storage efﬁciency factor,
a more robust estimate of the uncertainty in the effective storage
capacity can be obtained.
In 2009 the USGS presented a report detailing a probabilistic
methodology for CO2 storage capacity assessment based on meth-
ods developed to assess oil and gas resources in the hydrocarbon
industry (USGS, 2009). Their method utilises the same USDOE equa-
tion (Eq. (1)). Distributions are assigned to each parameter in the
equation (At, hg, tot,  and Esaline) and are sampled using a Monte
Carlo scheme. The subsequent realisations of each parameter are
used to calculate a storage capacity. This process is repeated in
order to build a distribution of storage capacities, from which a
most likely value can be estimated, along with its uncertainty. The
principle behind this approach can be tailored to a range of CO2
assessment methods of varying complexity by representing addi-
tional terms with an appropriate distribution. A similar method
applied to a detailed reservoir study was  provided by Bueno et al.
(2011) where uncertainty in the oil originally in place within the
Namorado ﬁeld, Brazil, was  estimated using multiple realisations.
Here uncertainties such as the oil/water contact, water saturation,
porosity and depositional facies were taken into account.
3.1. Previous CO2 storage capacity estimates for the Baltic Basin
Storage capacity estimates in the Baltic area are restricted to
a few studies, either as part of EU ﬁnanced projects or national
assessments. In general, the presented capacities are theoretical
and effective. Practical storage capacities are largely missing. Some
key information about each assessment is summarised in Table 2.
The GeoCapacity project, operated between 2006 and 2009,
focused on quantifying the effective CO2 storage capacity within
Europe, including countries bordering the Baltic Basin, such as
Estonia, Latvia, Lithuania and Poland (GeoCapacity, 2009). Stor-
age calculations for the Swedish part of the Baltic Basin were not
included in this study. The storage capacity in deep saline aquifers
in Estonia was assessed to be zero because of the <500 m thick sed-
imentary successions (GeoCapacity, 2009). In Latvia and Lithuania,
Cambrian sandstone aquifers were identiﬁed as the most promis-
ing for CO2 storage. For these two  countries only capacities within
structural closures were assessed, amounting to 404 Mt  and 30 Mt,
respectively. A conservative storage capacity estimate for Poland
was assessed to 1761 Mt.  However, the assessment focused on
Mesozoic aquifers within the Polish lowlands (GeoCapacity, 2009).
Between 2008 and 2009 a number of studies were performed
as part of the GEOBALTICA, GeoCapacity and CO2NET East projects
(Sliaupa et al., 2008; Shogenova et al., 2009a,b). These focused on
assessing CO2 effective storage capacities within the Baltic states of
Estonia, Latvia and Lithuania, considering storage in saline aquifers
and depleted hydrocarbon ﬁelds. Geochemical and mineral trapp-
ing scenarios were also considered.
In 2011 a report was produced by the Swedish Geological Sur-
vey (SGU) describing possibilities for geological storage of CO2
within Swedish territory, including the Baltic Basin (Erlström et al.,
2011). Here the storage potential within saline aquifers was  dis-
cussed; where the Cambrian Faludden and När sandstones were
highlighted as potential reservoirs. Regional characterisations of
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Table 2
Summary of previous CO2 storage capacity estimates in the Baltic Sea region. The GeoCapacity method for estimating the effective storage capacity is identical to the USDOE
method with the exception of an additional Net-to-Gross term (GeoCapacity, 2009).
Time period Agency Method Assessment Type of capacity
assessment
Capacity estimate (Mt)
2006–2009 GeoCapacity GeoCapacity Estonia Effective 0
2006–2009 GeoCapacity GeoCapacity Latvia – Cambrian reservoirs
(structural closures)
Effective 404
2006–2009 GeoCapacity GeoCapacity Lithuania – Cambrian reservoirs
(structural closures)
Effective 30
2006–2009 GeoCapacity GeoCapacity Poland Effective
(conservative)
1761
2011  SGU USDOE Sweden – Faludden reservoir
(structural closures)
Effective <100
2011  SGU USDOE Sweden – Faludden reservoir
(stratigraphic trap)
Effective 400–4500
2013  SLR GeoCapacity Dalders structure – Faludden reservoir Effective 128
2013  SLR GeoCapacity Whole Basin – Faludden reservoir
(structural closures, includes Dalders)
Effective 761
2013  SLR GeoCapacity Whole Basin – Faludden reservoir
trap –
Effective 1923
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tructures and formation thicknesses were also included in the
eport. The report estimated effective CO2 storage potential in
tructural closures within the Swedish sector to be approximately
00 Mt  and the effective storage capacity for the Faludden strati-
raphic trap within the Swedish sector to be between 0.4 Gt and
.5 Gt.
In 2013, SLR Consulting Ltd. produced a report detailing a
egional assessment of the CO2 storage capacity of the Baltic Basin
s part of the BASTOR project (Vernon et al., 2013). The aim of
his study was to assess CO2 storage capacity across the Baltic
asin in order to compare and highlight the most favourable stor-
ge options in the area. As part of the study, SLR consulting was
llowed access to proprietary interpretations and maps, as well as
roprietary seismic and well data. These data were assembled in a
IS database which was used to calculate storage estimates for a
ange of structural closures across the basin using the GeoCapacity
ethodology (GeoCapacity, 2009; Vernon et al., 2013). As part of
his study the total storage capacity of 8 large structural closures,
ithin Cambrian saline aquifers across the basin, was assessed to
e 761.37 Mt.  This includes the Dalders structure, a large structural
losure which extends into the far south eastern part of the Swedish
ector. The study also assessed the total effective storage capacity
ithin the Faludden stratigraphic pinch out to be 1923 Mt  across
he basin (Vernon et al., 2013). Modelling and assessment of the
torage potential in the Baltic Basin is also being performed with
he Nordiccs and SwedSTORECO2 projects. So far their estimates
re in the range of the ones stated by Erlström et al. (2011) and
nthonsen et al. (2013).
. Methodology adopted in this study
We  calculate the effective storage capacity utilising two  meth-
ds. The ﬁrst is to use the USDOE method as described in Section 3,
ssuming constant representative values for the key input param-
ters of At, hg, tot,  and Esaline (USDOE, 2010). The second method
s to calculate the effective storage capacity using the same expres-
ion, but we allow for lateral variations in hg, tot,  and Esaline and
ccount for the geometry of the buoyantly trapped CO2 within the
tructure. The expression therefore takes the form:
CO2 =
∫ ∫
hg(x, y)tot(x, y)(x, y)Esaline(x, y)dxdy (3)here tot(x,y) and (x,y) express reservoir porosity and CO2 den-
ity as a function of position. The term hg(x,y) in this case no longer
epresents the gross reservoir thickness but the total thickness of below 800 m
reservoir containing CO2. In the case of a structural trap hg(x,y)
would therefore be the thickness between the lowest closing con-
tour of the structure and the top of the reservoir at any given point.
We also account for the variability of Esaline as a function of posi-
tion. In the case of a stratigraphic trap with no spill point, the entire
reservoir thickness is assumed to be ﬁlled with CO2; hence the full
reservoir thickness is used. Integrating over the area of interest
therefore gives the total mass of CO2 which can be stored within
that area. If a regular grid of cells populated with variables hg(x,y),
tot(x,y), (x,y) and Esaline(x,y) is considered then this method is
equivalent to calculating the effective CO2 storage capacity for each
grid cell and summing over all grid cells within a given area. This
is similar in principle to the method used by Kolenkovic´  et al.
(2013), albeit on a ﬁner scale, who split the area of the Pannon-
ian Basin, Eastern Europe, into separate grid cells before calculating
the storage capacity. A schematic diagram detailing the differences
between these two methods is outlined in Fig. 4.
In the section below, we  describe the workﬂow used to calcu-
late the storage capacity of structural closures (Fig. 4C and D). We
begin our calculation procedure by deﬁning a set of maps which
describe the input properties over the study area. These maps are
designed as a mid  case or most likely case scenario, based on the
available data (top structure, hg, tot,  and Esaline). We then deﬁne
the uncertainty in these mid  case property maps in the form of
a probability distribution. These uncertainty distributions can be
considered to deﬁne the probability of a given variation from the
mid case scenario at any point, where a higher value on the distribu-
tion indicates a more probable outcome. At this stage it is possible to
use the uncertainty distributions to generate noise/perturbations,
which can be added to the mid  case, to generate a new set of per-
turbed property maps for hg, tot,  and Esaline. In order to ensure
that these perturbed maps exhibit a reasonable order of lateral
variation, variograms of the original data and the perturbed maps
are calculated and compared (Oliver and Webster, 2014). The mid
case top structure map  is used to deﬁne each closure. In the case
of the ﬁrst method we  deﬁne the area of the closure. In the case
of the second method, we  consider the top structure map  along-
side the perturbed hg(x,y) property map  to deﬁne the gross rock
volume above the lowest closing contour of the closure. In this
study we do not vary the top reservoir structure map. However,
this map  is subject to uncertainty, and has a signiﬁcant impact on
the ﬁnal storage capacity calculated for a given closure. In order to
account for the effect of structural uncertainty a scaling factor was
applied to the capacity calculation, selected from a representative
uncertainty distribution. In the ﬁrst method the area of the closure
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Fig. 4. Schematic describing the difference in storage capacities calculated using method 1(A) and method 2(B). Method 1(A) assumes constant properties for a given area
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s  shown as a dashed black line. (C) Workﬂow used to calculate probabilistic stora
torage capacities for closures using method 2.
as scaled by a factor selected from an area uncertainty distri-
ution. In the second method we scale the calculation by a factor
elected from a volume uncertainty distribution. The CO2 storage
apacity for each closure is then calculated using the perturbed
roperty maps. In the case of the ﬁrst method, a constant property
alue was assumed for a given closure. A single value was  taken
rom each property map, from the centre of that closure. In the sec-
nd method, the perturbed maps were directly used to calculate
he storage capacity. This provides a single estimate of the CO2 stor-
ge capacity based on a randomly generated scenario. Numerous
ew random scenarios were then generated, calculating a storage
apacity for each one. This allowed a distribution of CO2 storage
apacities to be generated, which could be used to not only deﬁne
he most likely storage capacity, but also to deﬁne the associated
ncertainty. The ﬁrst method in this study is therefore equivalent
o that outlined by the USGS (2009). In this study 4000 random sce-
arios were calculated for each reservoir, in order to estimate the
istribution of storage capacities.
To calculate the storage capacity within the stratigraphic trap
cenario only the second method is used. The workﬂow is identical
o that described earlier for the second method (Fig. 4D), with
he exception that structural uncertainty is not considered. As the
owest closing contour is not deﬁned for the Faludden stratigraphic
rap, within the Swedish sector, the entire reservoir thickness is
onsidered to be ﬁlled with CO2. Therefore, structural uncertainty,
as a negligible effect on the storage capacity. investigation. The lowest closing contour for the structural closures in (A) and (B)
acities for closures using method 1. (D) Workﬂow used to calculate probabilistic
In order to deﬁne the uncertainty distribution for a given prop-
erty in this study, a series of datasets describing the errors were
collected between the mid  case property map and observations in
the data. For example, consider that a linear porosity depth trend is
estimated from a porosity dataset, and that we use this to calculate
a mid  case porosity map  across our study area as a function of depth.
The uncertainty in this mid  case map  can be estimated by gener-
ating a histogram of the errors between the porosity predicted by
the linear trend and the individual porosity data points. To do this,
error histograms were collated for each input property. Then, the
best ﬁt triangular distribution to each error histogram was  used
to represent the ﬁnal uncertainty distribution. As the amount of
data in each error histogram varied, this step was required in order
to provide a set of continuous probability distributions. Triangular
distributions were used due to their simplicity and due to uncer-
tainty as to the correct distribution to use for each property. The use
of triangular distributions is also suggested by the USGS (2009). A
series of ﬂow charts describing the methodology used in this study
to calculate the CO2 storage capacity for structural closures and for
the Faludden stratigraphic trap can be found in Appendix A (Figs.
A1–A3).
It is important to mention that in the storage capacity assess-
ment of the Faludden stratigraphic pinch out, we are applying an
open/volumetric method to a closed system. Here we  assume that
the entire volume of brine can be displaced by CO2 across the
study area; in reality this would not be possible. For example, brine
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resent in the far extent of the pinch out could not be readily dis-
laced as in an open aquifer. A realistic injection scenario for the
aludden stratigraphic pinch out would be to inject CO2 at one
r several points, allowing the plume to gradually migrate up dip
owards the pinch out edge. Such an injection scenario cannot be
valuated using the methods in this study. An assessment of the
ractical storage capacity (CSLF, 2008) utilising reservoir simula-
ions for this trap scenario will differ signiﬁcantly from the effective
torage capacity. Therefore, we consider our assessment to be a
aximum limit of the effective storage capacity within this reser-
oir, quantifying the size of the total space available for storage.
A number of small faults are identiﬁed and included in the struc-
ural depth map, the properties of which are unknown. Faults in
ome geological scenarios can act as sealing features due to the
uild-up of impermeable clays or fault gouge, or cementation. They
an also have no intra-reservoir sealing inﬂuence, where ﬂuid can
reely ﬂow from one side of the fault to the other. In our analysis we
ssume that all faults are 100% sealing in order to assess the max-
mum potential storage capacity within fault related structures.
hether these faults will act as intra-reservoir seals is, however,
ery uncertain and should be noted when reviewing the results for
ny of the structural closures bounded by faults.
We  have utilised data from a range of sources, but the majority
f the data are from the large OPAB dataset based at SGU (Sopher
nd Juhlin, 2013; Sopher et al., submitted). It consists of a large col-
ection of data, acquired predominantly between 1970 and 1990 by
he Swedish state oil company (Oljeprospektering AB). The dataset
ncludes seismic and well data, as well as maps detailing previous
nterpretations of the seismic data. The following section describes
he generation of each of the input property maps and the associ-
ted uncertainty distributions.
. Top reservoir structure
In order to assess the potential storage capacity within struc-
ural closures, detailed top reservoir structure maps were produced
rom the OPAB seismic database. Four top reservoir depth maps
ere used in this study. The ﬁrst consists of a detailed top Faludden
eservoir map, used to assess the storage capacity in potential struc-
ural closures. The second is a smoothed top Faludden reservoir
ap, used to assess the storage capacity within the Faludden strati-
raphic pinch out. The third and fourth maps consist of detailed top
tructure maps of the top of the När sandstone and Viklau sand-
tone, used to assess the storage capacity of structural closures
ithin the lower two Cambrian sandstone units. The top Faludden
ap is more or less equivalent to the top Cambrian as the Upper
ambrian Alum Shale is thin (<5 m)  or missing within the study
rea.
The detailed top Faludden structure map  is constructed based
n interpretation of the top Cambrian performed by OPAB in
975 (OPAB unpublished report). Their interpretations were digi-
ised and checked against a sparse grid of re-processed and newly
nterpreted seismic lines (Sopher et al., submitted). Based on this
omparison, areas where the 1975 OPAB interpretation appeared
o be incorrect were removed. The interpretations were depth con-
erted using offshore well data and a velocity function based on the
ater depth (Sopher et al., submitted). This resulted in a detailed
op Cambrian map  which covers a signiﬁcant portion of the Swedish
ector. Some areas, however, were not covered; most notably a
0–30 km zone along the far eastern edge of the Swedish sec-
or. This area is important as it includes some of the deepest and,
ence, most attractive parts of the reservoir for potential CO2 stor-
ge. The Dalders structure, highlighted in the BASTOR project as
he most attractive structure in Swedish territory for potential CO2
torage was also not covered (Vernon et al., 2013). Due to the impor-
ance of the Dalders structure within the portfolio of structuralnhouse Gas Control 30 (2014) 148–170
closures in the Swedish sector, efforts were made to include it in this
assessment. This was done by digitising the closing contour of the
Dalders structure from the BASTOR report (Vernon et al., 2013). The
structural contours within the closure were then subjectively re-
constructed based on images in the BASTOR report which quantita-
tively detail the structure (Vernon et al., 2013). The Dalders struc-
ture was  then incorporated into the detailed top Cambrian map.
In order to generate the smoothed top Faludden map  a sparse
set of depth points were extracted from the detailed top Falud-
den map. These depth points were interpolated with well data
(OPAB, unpublished report; Vernon et al., 2013) and Cambrian
seabed outcrop data in order to produce a smooth top Cambrian
map  across the entire Swedish sector. The detailed top När sand
and top Viklau sand maps were generated by calculating and
adding isochore maps to the top Faludden map. The detailed top
Faludden map  and smoothed top Faludden map are shown in
Fig. 5.
During the depth conversion process the uncertainty of the top
Faludden depth map  was assessed to be of the order of ±25 m based
on a cross validation analysis (Sopher et al., submitted). As this
structural uncertainty effects the mass of CO2 which would be cal-
culated for a given closure, we attempt to characterise and account
for this uncertainty in this study. To do this, we  ﬁrst consider a sin-
gle structural closure on the top Faludden structure map, for which
we calculate the closure area (At) and the storage capacity (GCO2 ).
We then randomly perturb the top structure map  within the ±25 m
structural uncertainty limits. The closure is then re-mapped in the
perturbed grid, and the new At and GCO2 computed. The new At
and GCO2 values are then expressed as a percentage difference, rel-
ative to the original At and GCO2 from the un-perturbed map. This
process is repeated 1000 times, considering a range of different
structural closures, to build up a database of the percentage varia-
tion in closure area, and storage capacity, as a function of structural
uncertainty (Fig. 6). Note, we refer here to the percentage vari-
ation in closure storage capacity as “volume uncertainty”, as the
difference in storage capacity is due to a change in the gross rock
volume of the closure. The resulting area uncertainty and volume
uncertainty distributions are used to scale the results of methods 1
and 2, respectively, during the probabilistic calculations, in order to
account for the effect of structural uncertainty (Fig. 4). In this exer-
cise we assumed that the lateral variability of the velocity ﬁeld used
to depth convert the Faludden was representative of the lateral
variability of structural uncertainty. The lateral variability of the
perturbations applied to the top structure map were calibrated to
match that of the velocity ﬁeld. Variograms were calculated for 10
of the perturbations used to modify the top reservoir structure map.
These were compared to the variogram calculated for a map of the
top Faludden depth conversion velocities after removing the back-
ground trend (subtracting the least squares best ﬁt cubic surface)
(Fig. 7).
5.1. Reservoir thickness
In this section we discuss the generation of a total/gross reser-
voir thickness map  for each of the reservoirs under investigation.
In order to generate the Faludden thickness map, data from 134
wells were collated. It is clear from these wells that the Faludden
sandstone is thickest towards the southeast of the Swedish sector
and pinches out towards the northeast. The stratigraphic pinch
out is well constrained below Gotland where the majority of the
wells are located. North and south of Gotland, however, the pinch
out is poorly constrained. The only constraint of the pinchout for
the majority of the offshore area comes from the B-7 and B-10
offshore wells where the Faludden sandstone is observed and from
the Öland wells and the Yoldia well where it is absent (See Fig. 1).
In the mid  case map the reservoir pinch out was interpreted to
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cig. 5. Top Faludden depth structure maps. (A) Detailed map  used to assess storage
he  Faludden stratigraphic trap.
ie mid-way between the constraining wells. A western (high)
ase and eastern (low) case pinch out were also interpreted.
he well data were then interpolated across the Swedish sector
sing the interpreted pinch out locations to produce the Faludden
hickness map. The high and low case pinch-out scenarios were
ig. 6. Data and uncertainty distributions. (A) Distribution of difference between porosit
rom  100 probabilistic density curves and ﬁnal density depth trend. (C) Esaline distribution c
or  Viklau structural closure scenario. (E) Esaline distribution calculated for När structural
cenario. (G). Cross validation thickness errors for Viklau sandstone. (H). Cross validation t
andstone. (J) Proportional uncertainty in closure area. (K) Proportional uncertainty in c
alculations are shown in dark red. (For interpretation of the references to color in this ﬁgity in structural closures. (B) Smoothed map used to assess storage capacity within
used to control the thickness of the Faludden so that during the
subsequent random perturbations, the Faludden reached zero
thickness between these high and low pinch out limits. The ﬁnal
mid  case Faludden thickness map as well as the low, mid  and high
case pinch out scenarios are shown in Fig. 8.
y data and best ﬁt linear trend. (B) Distribution of difference between data points
alculated for Faludden stratigraphic trap scenario (D). Esaline distribution calculated
 closure scenario. (F) Esaline distribution calculated for Faludden structural closure
hickness errors for När sandstone. (I) Cross validation thickness errors for Faludden
losure volume. Best ﬁt triangular distributions used for the ﬁnal storage capacity
ure legend, the reader is referred to the web version of this article.)
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Fig. 7. Isotropic experimental semivariograms calculated from data and perturbations. For comparison, curves have been normalised based on the mean average value of the
curve.  (A). Semivariogram of detailed top Faludden depth structure map  compared with mean average semivariogram calculated for 10 perturbations. (B) Semivariogram of
Faludden reservoir thickness data compared with mean average semivariogram calculated for 10 perturbations. (C) Semivariogram of velocity ﬁeld used to depth convert
Faludden depth structure map  compared with mean average semivariogram calculated for 10 perturbations.
Fig. 8. Maps detailing the ﬁnal mid  case properties for input into the storage capacity calculations. (A) Map  of CO2 density within the Faludden reservoir across the study
area.  (B) Map  showing phase of CO2 within the Faludden reservoir across the study area. (C) Map showing Faludden sand thickness across the study area. (D)  Map  showing
Faludden porosity across the study area. (E) Map  showing När sand thickness across the study area. (F) Map  showing the Viklau sand thickness across the study area.
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In order to calculate the thickness maps for the När and Viklau
andstone units, data from 32 and 34 wells, respectively, were
ollated from the OPAB dataset. Additional constraint on the När
nd Viklau unit thicknesses were provided by data and maps from
ielsen and Schovsbo (2011). The Grötlingbo Member, which over-
ies the När sandstone is sometimes represented by a sandy facies,
n these cases the Grötlingbo Member was included in the När
hickness map. The collated thickness data were interpolated across
he study area. Both the När and Viklau sandstone units are present
cross much of the study area, with typical thicknesses of 20–40 m
nd 40–60 m,  respectively (Fig. 8).
A single well cross validation analysis was then performed using
ecimated well thickness data sets (Geisser and Eddy, 1979). This
llowed a quantitative assessment of the thickness uncertainty at
ach well location to be made. The Faludden sandstone thickness
as errors as large as ±25 m,  with the majority of errors falling
etween ±10 m (Fig. 6). The thickness errors for the När and Viklau
andstone units are comparable, reaching values as high as ±40 m
ith the majority of the errors falling between ±20 m.  A variogram
as calculated for the Faludden thickness data after subtracting
he background trend (by subtracting the best ﬁt cubic surface).
his was used to calibrate the lateral variability of the subsequent
hickness perturbations, applied during the probabilistic storage
apacity calculations (Fig. 7).
.2. Porosity
In this section we discuss the generation of a total porosity map
or each of the reservoirs under investigation. Porosity data for
his study were collected from a range of sources; core measure-
ents from Baltic Sea Cambrian sandstones at SGU were included
s well as measurements from the OPAB dataset. Data from the
tudy by Shogenova et al. (2009b), which includes over 400 poros-
ty measurements from Cambrian sandstones from Estonia, Latvia
nd Lithuania, were also included. Due to the lack of spatial infor-
ation associated with the porosity data, direct mapping of the
orosities across the study area was not feasible. Instead a least
quares linear porosity-depth trend was deﬁned (Fig. 9). This poros-
ty depth trend was then used alongside the depth structure maps
o calculate porosity across the study area (see Fig. 8).
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ig. 9. Porosity data and least squares linear porosity depth trend. Data points were
igitised from Shogenova et al. (2009b) and from the Geological Survey of Sweden
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There is signiﬁcant spread in the porosity values around the least
squares trend (Fig. 9). In order to capture this uncertainty the dif-
ference, or error, between the value given by the linear trend and
each individual data value was calculated (Fig. 6). This distribution
of differences between the data and the trend can be considered
to be a measure of the uncertainty of the values calculated by the
trend, and hence the uncertainty of the mid  case porosity grid. The
majority of porosity values lay within 0.1 (10%) of the porosity cal-
culated with the trend (Fig. 6). Since the mid  case porosity map  was
modelled as a function of depth, the lateral variability of the poros-
ity was assumed to be the same as the velocity ﬁeld used to depth
convert the top Faludden structure map.
5.3. CO2 density and state
We assume that CO2 density is purely a function of the origi-
nal pressure and temperature values within the reservoir. We  also
assume that the CO2 is pure. Therefore, before specifying the CO2
density it is necessary to specify both the temperature and pres-
sure within the reservoir across the study area. Due to the lack
of spatial information it was  not feasible to map  temperature or
pressure directly; instead temperature–depth and pressure–depth
relationships were speciﬁed.
In order to estimate a temperature depth relationship, bottom
hole well temperatures were collected for 34 wells from the OPAB
database (OPAB unpublished report) (Fig. 10). All but one of these
wells were located on Gotland. Additional constraint on the tem-
perature depth relationship was provided using a simple form of
Fourier’s law for heat ﬂow:
dT
dz
= Q
c
(4)
The geothermal gradient dT/dz can be calculated using the
heat ﬂow Q and the thermal conductivity, c. Cˇermák et al. (1993)
presents a map  of heat ﬂow across the Baltic Shield area, where
the heat ﬂow in the centre of the study area is between 60 and
70 mW/m2. Heat ﬂow across the entire Swedish sector varies
by approximately ±15 mW/m2. The thermal conductivity of the
Swedish part of the Baltic Basin was  estimated by ﬁrst assessing
the typical lithological composition of the sedimentary sequence
of the study area. Based on 11 wells this was estimated to be 76%
claystone/siltstone, 11% sandstone and 13% limestone. Typical ther-
mal  conductivities for each lithology were then assessed based on
measurements from Baltic Sea samples at SGU as well as values
speciﬁed by Beardsmore and Cull (2001). The average thermal con-
ductivity for the total sediment column, weighted by proportion of
lithology, was  calculated to 2.638 ± 0.696 W m−1 K−1.
Mean average annual sea surface temperatures for the Arkona,
Bornholm and Gotland seas were averaged between 1990 and 2012
to get a mean average sea surface temperature of 9.2 ◦C for the
study area (Siegel and Gerth, 2013). Temperature depth curves
were then calculated using equation 4 above. A mid  case temper-
ature depth curve was  speciﬁed using a thermal conductivity of
2.638 ± 0.696 W m−1 K−1 and heat ﬂow of 68 ± 15 mW/m2, as this
gave a suitable ﬁt to the bottom hole well data, whilst honouring
the heat ﬂow map  of Cˇermák et al. (1993). This is equivalent to a
geothermal gradient of 25.8 ◦C/km across the study area. The mid
case temperature depth curve is shown in Fig. 10 with the dashed
lines indicating the effect of varying the thermal conductivity or
the heat ﬂow within the ranges speciﬁed above.
Fifteen pressure–depth points were collected from the OPAB
database for Gotland wells (OPAB unpublished report) (Fig. 10).
When plotted against the hydrostatic pressure it is clear that the
pressure depth trend is close to hydrostatic. A range of ±0.43 MPa
from the hydrostatic trend was  assumed to be representative of the
uncertainty, capturing the spread of data around the trend.
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Fig. 10. Temperature, pressure and density depth curves for the study area. (A) Mid  case temperature depth curve (red) and temperature data from wells (black). Blue
dashed  lines show calculated temperature depth trend with maximum and minimum thermal conductivity and heat ﬂow values. (B) Mid case pressure depth trend (red)
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ensity depth curves generated by Monte Carlo sampling are shown in blue. Depth
nterpretation of the references to color in this ﬁgure legend, the reader is referred 
In order to calculate the mid  case depth CO2 density curve a
onte Carlo approach was adopted. Assuming a ﬁxed surface tem-
erature of 9.2 ◦C, depth temperature curves were calculated by
arying thermal conductivity and heat ﬂow within the ranges of
.0–3.5 W m−1 K−1 and 53–83 mW/m2, respectively, using uniform
istributions. Pressure was calculated as hydrostatic ±0.43 MPa
sing a uniform distribution. CO2 density depth curves were calcu-
ated based on pressure and temperature using equations of state
s described by Span and Wagner (2003). The median of 100 ran-
omly generated density depth curves was used as the mid  case
rend (Fig. 10). The top reservoir structural maps were then used to
enerate a mid  case CO2 density map  for each reservoir. The density
ap  for the Faludden reservoir is shown in Fig. 8.
Uncertainty in the CO2 density was estimated by calculating the
ifference between each data point along the 100 randomly gener-
ted CO2 density depth curves and the mid  case CO2 density depth
rend (Fig. 6). The distribution of these density differences were
onsidered to be representative of the uncertainty in the mid  case
O2 density depth trend. The majority of the CO2 density values
rom the 100 random curves lie within 100 kg/m3 of the mid  case
rend (Fig. 6). As the CO2 density values are calculated as a function
f depth it was assumed that the lateral variability in density was
he same as the detailed top Faludden structure map. Hence, the
ame lateral variability was assumed as for the porosity grid.
Finally maps describing the in situ phase of the CO2 based on
he mid  case temperature and pressure curves were generated for
he three reservoirs (Fig. 8). These maps are used to specify the
hase of the CO2 within the reservoir across the study area, which
llows grouping of the ﬁnal storage capacity results by phase. Based
n these mid  case pressure and temperature curves a signiﬁcant
egion where CO2 will be in a liquid phase is suggested. This is pri-
arily due to the relatively low mid  case geothermal gradient. At
his stage the mid  case temperature depth curve honours the avail-
ble well data as well as the heat ﬂow map  of Cˇermák et al. (1993). It
hould be noted, however, that there is considerable uncertainty in
he bottom hole well temperatures, which do not form a convincing
rend. It is possible that drilling ﬂuid could have acted to reduce bot-
om hole well temperatures, introducing systematic temperature
eductions. It is possible that geothermal gradient is higher than the
id case estimated here. Increasing the geothermal gradient would
ead to a more gradual increase in CO2 density and a smaller region
here CO2 would be in a liquid phase. This in turn would lead tolue lines. (C) Mid  case CO2 density depth curve for study area (red). 100 random
2 phase changes associated with the mid  case density depth curve are shown. (For
 web  version of this article.)
a reduction of storage capacities calculated below 700 m.  We  feel,
however, that this uncertainty is to some extent captured within
our current methodology, which accounts for a density variation of
approximately ±100 kg/m3 from the mid  case trend.
5.4. Storage efﬁciency factor
In order to assess the storage efﬁciency factors and associated
uncertainty we adopted the same methodology as the USDOE in
the Storage Atlas III (USDOE, 2010) (Section 3). This allows a dis-
tribution of Esaline to be generated which was  used to deﬁne a mid
case Esaline value and assess the associated uncertainty.
Table 3 shows the ranges of EAn/At , Ehn/hg , Ee/tot , Ev and Ed
which were selected for the 4 different reservoir scenarios. Values
for EAn/At and Ehn/hg for the Faludden, När and Viklau reservoirs
were speciﬁed based on an investigation of logs describing the
complete reservoir section in 10, 8 and 5 wells, respectively. Based
on these data, the Ehn/hg value is high for the Faludden and När
reservoirs, as the reservoir interval is typically dominated by sand.
For the Viklau reservoir the interval is a mixed sequence of sand-
stone and shale, leading to a far lower value of Ehn/hg . High values of
EAn/At were selected for the Faludden reservoir. Although the reser-
voir pinches out and is not present across the study area, this pinch
out behaviour is captured in the thickness map  (Fig. 8). Considering
the well data for the area, where the reservoir is interpreted to
be present, it is typically represented by good quality sandstone
facies, therefore, a high value of EAn/At is justiﬁed. As the När and
Viklau reservoirs are present in the majority of wells, and are inter-
preted to extend across the study area, high values of EAn/At were
selected. For the Faludden stratigraphic trap the ranges of Ee/tot ,
Ev and Ed quoted by the IEA (2009) for clastic reservoirs were
used. The geometry of the top reservoir has a large effect on the
volumetric and microscopic displacement efﬁciencies (Ev and Ed),
where storage within a domed structure can, for example, signif-
icantly increase these factors (IEA, 2009). As three of the reservoir
scenarios address storage within structural closures, efforts were
made to account for this effect. The IEA (2009) present results of a
series of heterogeneous model simulations, considering different
depositional environments, structures and lithologies. In order to
assess the ranges of Ev and Ed for structural closures in this study,
the minimum and maximum values from the IEA report were col-
lected, considering only clastic reservoirs and dome structures. The
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Table  3
Final input ranges used to generate Esaline distributions using the USDOE methodology (USDOE, 2010), as well as the 10th, 50th and 90th percentile values of the ﬁnal Esaline
distributions.
Scenario Faludden stratigraphic trap Faludden structural closure När structural closure Viklau structural closure
EAn/At 0.8–0.99 0.8–0.99 0.8–0.99 0.8–0.99
Ehn/hg 0.725–0.99 0.725–0.99 0.70–0.99 0.2–0.6
Ee/tot 0.64–0.77 0.64–0.77 0.64–0.77 0.64–0.77
Ev 0.16–0.39 0.46–0.73 0.46–0.73 0.46–0.73
Ed 0.35–0.76 0.41–0.8 0.41–0.8 0.41–0.80
r
r
o
f
t
a
2
b
i
v
t
t
d
t
u
d
t
r
r
n
f
t
s
t
t
s
f
6
6
F
m
t
t
c
F
i
h
b
t
c
t
t
c
F
S
s
aEsaline P10 (%) 3.8% 11.5% 
Esaline P50 (%) 8.0% 20.8% 
Esaline P90 (%) 14.4% 31.5% 
anges of Ev and Ed which were obtained were 45–75% and 41–80%,
espectively. Finally, for the structural closure scenarios the range
f Ee/tot quoted by the IEA (2009) for clastic reservoirs was  used.
Using a Monte Carlo approach, 500,000 samples were generated
or each of the 4 different Esaline factors in MATLAB. To estimate
he Esaline distributions log-odds normal distributions were used,
s performed in the USDOE Carbon Sequestration Atlas III (USDOE,
010). 500,000 samples were used in order to give a smooth distri-
ution. The ﬁnal distributions of Esaline for the 4 scenarios are shown
n Fig. 6. Table 3 also contains the 10th, 50th and 90th percentile
alues from the ﬁnal Esaline distributions. The values for Esaline for
he Faludden stratigraphic scenario are higher than those used by
he USDOE regional assessments (USDOE, 2010) (Table 3). This is
ue to the reservoir thickness grid in this assessment, which is close
o a net-sand thickness map  across the study area and leads to the
se of relatively large EAn/At and Ehn/hg input factors. The Falud-
en and När structural closure Esaline values are notably higher
han for the stratigraphic trap scenario, due to the effect of the top
eservoir geometry. The Viklau structural closure Esaline values are
elatively low, due to the relatively low observed values of vertical
et-to-gross (Ehn/hg ).
Spatial characterisation of the 4 different Esaline factors was  not
easible in this study due to the sparse amount of data. Therefore,
he Esaline property grids have a constant mid  case value across the
tudy area. As relatively little information is known about the spa-
ial variability of CO2 storage efﬁciency factors it was assumed that
he spatial variability was the same as the detailed top Faludden
tructure map. Hence, the same lateral variability was  assumed as
or the porosity and CO2 density grids.
. Results
.1. Structural closures
Approximately 40 structural closures were identiﬁed for the
aludden, När and Viklau sandstone units. As the top structure
aps for the three reservoirs are largely similar in character, struc-
ural closures in one reservoir are typically present in the other
wo reservoirs. Therefore, it is possible to present the structural
losures in all three reservoirs using only the top Faludden map.
ig. 11 shows the detailed top Faludden structure map  with all
dentiﬁed structural closures highlighted. Many of these structures
ave storage capacities which are too small to be considered feasi-
le for industrial scale CO2 injection. Therefore, in order to focus on
he largest most signiﬁcant structures, only structures with storage
apacities in excess of 1 Mt  (using method 2) in one or more of the
hree reservoirs are discussed further. This left a total of 12 struc-
ures, which are labelled in red in Fig. 11. The storage capacities
alculated using both methods for the 12 structures are shown in
ig. 12 for all three reservoirs. It is clear from these results that the
41 structural closure, or Dalders structure, has by far the largest
torage capacity of any of the other mapped structures. It has rel-
tively large mid  case effective storage capacities in the Faludden,11.3% 3.8%
20.7% 8.5%
31.3% 16.0%
När and Viklau reservoirs of 74 Mt,  44 Mt  and 26 Mt, respectively,
using method 2. Of the remaining 11 structures, 6 are fault related
structural closures (S29, S32, S33, S34, S37 and S38). The largest of
these is the S34 structure with mid  case effective storage capacities
of 16 Mt,  15 Mt  and 8 Mt  in the Faludden, När and Viklau reservoirs,
respectively. Note that the existence of these structural closures
is entirely dependent on the assumed 100% lateral sealing nature
of the faults. If we  repeat the calculations assuming open ﬂow of
CO2 across faults, it can be shown that these fault related closures
either disappear or have capacities which are lower than 1 Mt.  The
structural closures S10, S17, S1, S2 and S22 are mapped as 4-way
dip closures. The largest of these, S17, has mid  case effective stor-
age capacities of 2.8 Mt,  2.5 Mt  and 2.8 Mt  in the Faludden, När and
Viklau reservoirs, respectively. These 4-way dip structures, how-
ever, are all at relatively shallow depths, implying that the CO2
would be in a gas phase for all of these structural closures in the
Faludden reservoir. However, in the two deeper reservoirs it is
possible that CO2 could be stored in a denser phase within these
closures. Note that the mid  case capacities calculated with method
1 are always larger than those calculated using method 2. The dis-
tribution of storage capacities and, hence, the inferred uncertainty
range is also larger for the capacities calculated using method 1
compared to method 2.
6.2. Stratigraphic trap
The Faludden stratigraphic trap across the Swedish sector has
a mid  case value for the total effective storage capacity of 5579 Mt
(Fig. 13). The 10th and 90th percentile values are calculated to be
4330 Mt  and 6962 Mt,  respectively. The majority of this capacity is
from areas where CO2 would be stored in a liquid or supercritical
phase. The mid  case storage capacities for CO2 in the gas, liquid and
supercritical states are 767 Mt,  1391 Mt  and 3390 Mt,  respectively.
Fig. 14 shows a map of the effective storage capacity per m2 which
can be stored within the Faludden stratigraphic trap scenario cal-
culated using the un-perturbed mid  case property grids. Here the
effect of the phase change from gas to liquid on the effective storage
capacity is clearly observed. Based on this map the areas to the far
southeast in the Swedish sector appear to be the most promising
for CO2 storage, due to the higher reservoir thickness and greater
reservoir depth. The highest storage capacity per unit area is in the
area directly to the east of Gotland, where the Faludden thickness
is interpreted to be greatest.
7. Discussion
If industrial scale CO2 injection in the future is considered, an
annual injection rate equal to or greater than 1 Mt  can be assumed
(comparable to the Sleipner ﬁeld, Chadwick et al., 2008). Consid-
ering this, it is clear that within the Swedish sector of the Baltic
Sea the storage potential within structural closures is limited. A
series of fault related structural closures were considered as part of
this study, the largest of which has a mid  case storage capacity
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Fig. 11. Detailed top Faludden structural map  with structural closures highlighted in red. Shading of map indicates the mass of CO2 per m2 which can be stored in closures
across  the study area. Closures with a storage capacity of greater than 1 Mt  in one or more of the three reservoirs are labelled in red. Inset map  shows a close up of the
structural closure for the S41/Dalders structure. Phase changes are shown with thick dashed lines.
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Fig. 12. Bar graphs showing storage capacity within the 12 largest structural closures for the three Cambrian reservoirs. 50th percentile effective storage capacities calculated
using methods 1 and 2 are shown as green and blue bars, respectively. Error bars indicate the 10th and 90th percentile values for effective storage capacity for the corresponding
structure. (A) Storage capacities within the Faludden sandstone closures. (B) Storage capacities within the När sandstone closures. (C) Storage capacity within the Viklau
closures. (D) Storage capacity distribution for the Dalders structure within the Faludden reservoir calculated using method 2. (E) and (F) Show the distributions of storage
capacity for the När and Viklau reservoirs, respectively, in the Dalders structure, calculated using method 2. Red lines on (D)–(F) indicate 10th, 50th and 90th percentile
values.
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lig. 13. Distributions of storage capacities within the Faludden reservoir in the stra
otal  CO2 storage capacity for Faludden stratigraphic trap. (B)–(D) Storage capacity 
espectively. (For interpretation of the references to color in this ﬁgure legend, the 
f 16 Mt  in the Faludden reservoir. The viability of these struc-
ural closures, however, is very dependent on the lateral sealing
roperties of the associated faults. Currently, little is known about
heir sealing nature. The B7 and B9 hydrocarbon exploration wells
rilled in the 1970s appear to have targeted two of these struc-
ural closures. Although a small amount of gas was observed in the
9 well, signiﬁcant hydrocarbon accumulations were not encoun-
ered (OPAB unpublished report). This could indicate that these
aults do not provide a lateral seal to ﬂuid ﬂow within the reser-
oir on the time scales of hydrocarbon accumulations. Therefore,
here is a risk that the fault bound structures identiﬁed in this study
ould not act as effective structural traps for the time scales of
O2 storage. A series of small 4-way dip closures were identiﬁed
cross the Swedish sector. However, the largest of these has a mid
ase storage capacity within the Faludden of only 2.8 Mt.  These
ig. 14. Smoothed top Faludden structure map shaded by mass of CO2 per m2 for the Fa
nd  no perturbation. Red contours describe mass of CO2 per m2. Phase changes are shown
egend,  the reader is referred to the web version of this article.)hic trap scenario. Red lines indicate the 10th, 50th and 90th percentile values. (A)
in the Faludden stratigraphic trap which is in a supercritical, liquid and gas phase,
 is referred to the web version of this article.)
structures are also typically too shallow to store CO2 at desirable
densities. The most promising structure for CO2 storage is there-
fore the S41/Dalders structure in the far south eastern part of the
Swedish sector. This is an order of magnitude larger than almost all
of the other structures identiﬁed in this study. The Dalders struc-
ture is the most favourable structure for CO2 storage, located at
least partially within the Swedish sector. The values calculated in
this study for the entire Dalders structure are comparable to those
calculated by Vernon et al. (2013), who  estimate an effective stor-
age capacity of 127.91 Mt  for the Faludden reservoir alone, using
the GeoCapacity method (GeoCapacity, 2009).In this study the Faludden stratigraphic trap is calculated to
have a very large effective storage capacity with a mid  case capacity
of 5579 Mt  for the Swedish sector, far in excess of the annual CO2
emissions of Sweden. This is far larger than the estimate provided
ludden stratigraphic pinch out scenario, calculated using the mid case input grids
 with thick dashed lines. (For interpretation of the references to color in this ﬁgure
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y Vernon et al. (2013), who refer to this trap as the Dalders
onocline, where a total storage capacity of 1923 Mt  was stated
including parts in Sweden, Estonia, Latvia and Poland) below
00 m depth. If we consider only the CO2 stored in a supercritical
hase in this study (3390 Mt)  and note the following two points.
irstly, that the Swedish sector includes approximately half the
rea of the total area assessed as the Dalders monocline by Vernon
t al. (2013). Secondly, that in this study, we utilised a mid  case
saline of approximately 8%, instead of the USDOE regional value
or clastics of 2% (USDOE, 2010) used by Vernon et al. (2013). An
pproximate 2-fold decrease to the values from this study, to take
nto account these differences would give capacities comparable
o those by Vernon et al. (2013) for the Faludden stratigraphic trap.
We have shown that the effective storage capacity within struc-
ural closures in the Swedish sector of the Baltic Basin is limited.
he S41/Dalders structure, the largest structural closure identi-
ed, has an effective storage capacity within the Faludden reservoir
quivalent to approximately 1–2 years of total Swedish CO2 emis-
ions. A scenario based purely around structural trapping of CO2
ithin this structure, is therefore unlikely to be feasible, due to
he limited capacity and large costs associated with the installa-
ion of an offshore injection facility. The effective storage capacity
stimated within the Faludden stratigraphic trap in this study,
owever, appears to be very large, which indicates this as the
ost attractive storage option for Sweden below the Baltic Sea. A
otential storage scenario would be injecting CO2 in the far south
astern part of the Swedish sector and allowing the CO2 to gradu-
lly migrate upwards until it reaches the stratigraphic pinch out or
ecomes residually trapped (Erlström et al., 2011). It is important to
ote, however, that the practical storage capacity of such a storage
cenario would be signiﬁcantly lower than the effective capacity
stimated in this study (CSLF, 2008). For example, it is likely that
njection would only occur at a limited number of facilities and
ence the injected CO2 plume would occupy only a small fraction
f the total reservoir. Other trapping mechanisms not considered in
his study, such as residual trapping and solubility trapping (IPCC,
005), would also be signiﬁcant in such a scenario. It is important
o also note, that we consider the Faludden reservoir here to be an
pen aquifer, when it is in fact closed. Pressure effects, therefore,
re not considered in our assessment. It is likely that local pressure
ncreases at a given reservoir injection well will provide a limiting
actor on the maximum injection rate, and hence limit the amount
f CO2 which could practically be stored in such a scenario. Even
hough the results from this study appear to be very positive for
he Faludden stratigraphic trap scenario, further work is required
n order to fully assess its feasibility. This work could for example
nclude, an assessment of the practical storage capacity, utilising
eservoir modelling methods, considering a range of realistic injec-
ion scenarios. Ultimately, however, the practical storage capacity
ithin the Faludden reservoir is likely to be limited by the economic
onstraints associated with costly offshore injection facilities.
We  have utilised two  methods to calculate effective storage
apacities for structural closures. The ﬁrst method is equivalent to
he USDOE approach, which is widely applied to estimate storage
apacities of structural closures. This assumes that CO2 ﬁlls a con-
tant thickness of reservoir across the entire area of the structural
losure. This implies that CO2 is present below the lowest closing
ontour of the structure (Fig. 4). Method 1 will therefore have a
endency to systematically overestimate the amount of CO2 which
an be stored in a structural closure. Method 2 takes into account
he geometry of the trapped CO2 plume and hence should in princi-
le give a more accurate result. Since the vertical magnitude of the
tructural variations is typically small compared to the thickness of
he reservoir in this study, the discrepancy between method 1 and
ethod 2 is large. For the 12 structural closures highlighted here,
ethod 1 overestimated the storage capacity within the structuresnhouse Gas Control 30 (2014) 148–170
by approximately 400% (mean average). Therefore, this tendency
to overestimate storage capacities in structural closures should be
noted when using the USDOE method (or others utilising similar
assumptions, such as the GeoCapacity method), especially when
the amplitude of the structural closure is small compared to the
thickness of the reservoir.
Efforts have been made in this study to characterise a mid  case
effective storage capacity, as well as the associated uncertainty. This
is done by assessing uncertainty in all of the key input parameters
to the storage capacity calculation using the systematic method-
ology proposed by the USGS (2009). For the 12 larger structural
closures the 10th and 90th percentile values were typically ±50%
of the mid case value. In the case of the Faludden stratigraphic trap
the 10th and 90th percentile values were approximately ±25% of
the mid  case value. It is not possible at this stage to test the validity
of the uncertainty limits generated or, indeed, the estimated mid
case storage capacities. However, we  believe that the probabilistic
approach adopted provides a robust estimate of the uncertainties
in the effective storage capacity, as well as a mid  case value.
An important assumption to highlight is that the porosity trend
is calculated using undifferentiated data from Cambrian sand-
stones. This assumption is necessary given the uncertainty in the
formations from which the majority of the porosity data were
measured. It is likely that porosity values do systematically vary
between the three reservoirs, with the Faludden exhibiting the best
reservoir properties and the Viklau ones that are not as good. As a
result of this assumption, the mid  case storage capacities for the
När and Viklau sandstone may  be higher than if formation speciﬁc
porosity trends could have been compiled.
We have utilised the USDOE methodology for estimating stor-
age efﬁciency factors using property ranges speciﬁed by the IEA
(IEA, 2009; USDOE, 2010). We consider this method to be robust as
it is rooted in values obtained through signiﬁcant reservoir simula-
tion work using a large petrophysical database (IEA, 2009). It is also
somewhat ﬂexible, allowing the inclusion of more accurate ranges
based on the available data for a speciﬁc formation or basin. For
example, ranges of EAn/At and Ehn/hg were deﬁned in this study by a
simple analysis of the available well log data and combined with the
standard ranges of Ee/tot , Ev and Ed from the IEA report to generate
speciﬁc Esaline values for the formations and scenarios under con-
sideration (IEA, 2009). After reviewing a range of storage capacity
studies it became clear that the storage efﬁciency factors are often
not calculated speciﬁcally for the given basin or formation under
consideration. Instead they are often referenced to other studies,
for example the USDOE values for regional assessments of clastic
reservoirs (i.e. 0.51%, 2.0% and 5.4%) (USDOE, 2010). Often not con-
sidered, however, are the assumptions built into these referenced
efﬁciency factors. For example, the range of Esaline values for clastic
reservoirs quoted above assumed a vertical net-to-gross (Ehn/hg )
within the range of 0.21–0.76 and an areal-net-to-gross (EAn/At )
within the range of 0.2–0.8. If, for example, one is assessing the
storage capacity within a formation which is almost 100% sand,
use of this regional factor is likely to be too pessimistic.
We  suggest that tables of Esaline 10th, 50th and 90th percentile
values, calculated using the same USDOE methodology with a selec-
tion of different input property ranges, would be beneﬁcial to the
development of methods to calculate effective storage capacity.
This would allow future studies to select a range of Esaline which
is calculated assuming input property ranges relevant to the for-
mation under investigation. Some of the input ranges to the Esaline
calculation are more challenging to assess than others, therefore
focus should be on the input ranges which are easiest to deﬁne.
For a given formation under investigation, estimates of EAn/At and
Ehn/hg can be made with relatively limited static reservoir infor-
mation and require no reservoir simulation work. In addition, the
structural scenario of a given assessment is typically well known.
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e therefore include a series of tables in Appendix A which pro-
ides Esaline 10th, 50th and 90th percentile values for a range of
ifferent EAn/At , Ehn/hg and structural scenarios.
. Conclusions
This study gives a regional assessment of the effective stor-
ge capacity within the Swedish sector of the Baltic Basin. We
ave focused on the storage potential within three Cambrian sand-
tone units, i.e. the Faludden, När and Viklau reservoirs, considering
tructural closures and a large stratigraphic trap. The Dalders struc-
ural trap, located in the far southeast of the study area, is by far
he largest and most promising structure for potential CO2 stor-
ge within the Swedish sector. This structure however, is likely
o be too small to be feasible for offshore storage of CO2. The
emaining structural closures identiﬁed are typically an order of
agnitude smaller than the Dalders structure and either depend
n the uncertain sealing nature of small faults or are located at
n insufﬁcient depth for efﬁcient storage of CO2. The Faludden
tratigraphic trap has a vast effective storage capacity compared
o the annual CO2 emissions of Sweden and, based on this study,
ppears to be the most attractive storage option. However, given
he dynamic nature of this storage scenario, further reservoir mod-
lling work is required in order to better deﬁne its feasibility and
ffectiveness.
Robust and accurate estimates of CO2 storage capacity are gen-
rally considered to be crucial for policy makers to make informed
ecisions on the future implementation of CCGS (CSLF, 2008). How-
ver, we argue that robust uncertainty limits on these estimates
re equally as important for nations and policy makers to assess
nd develop CCGS opportunities in the future. The methodology
roposed by the CSLF (2005), USGS (2009) and USDOE (2010), and
dopted in this study is a step towards better deﬁning such storage
apacity uncertainties.
able A1
10/P50/P90 storage efﬁciency factors (Esaline) for clastic reservoirs, for ﬂat, anticline and D
.3–0.49  and 0.46–0.73 for ﬂat, anticline and dome structures, respectively. Input ranges
espectively. Input range used for Ee/tot was 0.6–0.82.
EAn/At
0.01–0.2 0.2–0.4 
Flat structure
Ehn/hg
0.01–0.2 0.00/0.02/0.20 0.02/0.14/0.72 
0.1–0.3  0.01/0.09/0.46 0.19/0.54/1.39 
0.2–0.4  0.02/0.14/0.73 0.33/0.88/2.02 
0.3–0.5  0.03/0.19/0.95 0.47/1.20/2.69 
0.4–0.6  0.04/0.24/1.25 0.60/1.53/3.34 
0.5–0.7  0.05/0.29/1.49 0.73/1.84/3.96 
0.6–0.8  0.06/0.35/1.72 0.86/2.15/4.67 
0.7–0.9  0.07/0.40/1.97 0.99/2.50/5.38 
0.8–0.99 0.08/0.45/2.24 1.12/2.83/6.10 
Anticline structure
Ehn/hg
0.01–0.2 0.00/0.03/0.27 0.04/0.21/1.00 
0.1–0.3  0.02/0.13/0.65 0.34/0.81/1.75 
0.2–0.4  0.04/0.21/1.00 0.62/1.32/2.51 
0.3–0.5  0.06/0.29/1.32 0.88/1.79/3.26 
0.4–0.6  0.07/0.37/1.66 1.15/2.25/4.06 
0.5–0.7  0.08/0.44/2.06 1.40/2.75/4.89 
0.6–0.8  0.10/0.52/2.38 1.64/3.22/5.69 
0.7–0.9  0.12/0.60/2.74 1.89/3.70/6.49 
0.8–0.99 0.13/0.67/3.10 2.14/4.21/7.40 
Dome structure
Ehn/hg
0.01–0.2 0.01/0.05/0.44 0.06/0.34/1.57 
0.1–0.3  0.04/0.21/1.00 0.56/1.27/2.68 
0.2–0.4  0.07/0.34/1.59 1.02/2.06/3.84 
0.3–0.5  0.09/0.47/2.11 1.46/2.85/5.05 
0.4–0.6  0.11/0.59/2.65 1.89/3.60/6.25 
0.5–0.7  0.14/0.71/3.20 2.30/4.34/7.49 
0.6–0.8  0.16/0.82/3.69 2.71/5.09/8.73 
0.7–0.9  0.19/0.96/4.26 3.13/5.87/9.99 
0.8–0.99 0.21/1.08/4.78 3.50/6.67/11.36 nhouse Gas Control 30 (2014) 148–170 165
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Appendix A.
This appendix contains tables summarising a series of storage
efﬁciency factors, as well as some ﬂow charts which describe the
methodology used to calculate the CO2 storage capacities in this
study. Shown below are a series of tables containing the 10th, 50th
and 90th percentile values of the storage efﬁciency factor (Esaline),
for a series of different lithologies and structural scenarios. These
are calculated using the same Monte Carlo approach used to calcu-
late the regional values for the USDOE Carbon Sequestration Atlas
III (USDOE, 2010), as well as in this study (Section 5.4). The input
ranges of EAn/At and Ehn/hg are systematically varied. Ranges of the
remaining inputs are taken from the 2009 IEA report (IEA, 2009).
We propose that these tables could be used for future regional effec-
tive storage capacity assessments. Appropriate 10th, 50th and 90th
percentile Esaline values can be chosen for a reservoir with a given
vertical-net-to-gross, areal-net-to-gross, lithology and structural
scenario. Tables A1–A3 show the 10th, 50th and 90th percentile
(P10/P50/P90 in the tables) Esaline values for clastic, dolomite and
limestone reservoirs, respectively. In each table values are stated
for reservoirs with ﬂat, anticline or dome structures.
ome structures. Values are shown as percentages. Input ranges for Ev are 0.15–0.47,
 for Ed are 0.32–0.8, 0.37–0.8 and 0.41–0.8 for ﬂat, anticline and dome structures,
0.4–0.6 0.6–0.8 0.8–0.99
0.04/0.24/1.20 0.06/0.35/1.73 0.08/0.44/2.25
0.33/0.93/2.27 0.48/1.32/3.18 0.62/1.72/4.16
0.60/1.52/3.35 0.86/2.17/4.69 1.12/2.81/6.09
0.84/2.09/4.46 1.21/2.97/6.21 1.58/3.88/8.05
1.09/2.63/5.49 1.58/3.75/7.73 2.03/4.89/10.01
1.32/3.17/6.64 1.89/4.52/9.20 2.44/5.92/12.02
1.54/3.75/7.72 2.25/5.33/10.75 2.91/6.95/14.03
1.80/4.33/8.83 2.60/6.11/12.34 3.34/7.97/16.05
2.02/4.87/10.00 2.90/6.96/14.11 3.75/9.02/18.34
0.07/0.37/1.70 0.10/0.52/2.36 0.13/0.68/3.09
0.62/1.38/2.84 0.89/1.97/3.98 1.15/2.57/5.19
1.15/2.27/4.06 1.64/3.23/5.68 2.12/4.19/7.39
1.63/3.12/5.32 2.36/4.41/7.39 3.03/5.77/9.61
2.10/3.94/6.58 3.03/5.58/9.08 3.92/7.28/11.87
2.57/4.75/7.80 3.71/6.75/10.90 4.77/8.81/14.13
3.03/5.57/9.08 4.37/7.93/12.67 5.66/10.36/16.51
3.50/6.45/10.47 5.00/9.08/14.47 6.50/11.92/18.78
3.91/7.33/11.93 5.65/10.38/16.47 7.34/13.60/21.52
0.11/0.59/2.68 0.16/0.83/3.67 0.21/1.08/4.85
1.01/2.20/4.38 1.45/3.13/6.13 1.89/4.07/8.01
1.89/3.59/6.25 2.71/5.10/8.72 3.51/6.66/11.32
2.71/4.92/8.18 3.87/7.02/11.33 5.01/9.13/14.70
3.48/6.21/10.03 5.04/8.84/13.97 6.47/11.56/18.22
4.26/7.57/12.02 6.14/10.70/16.69 7.89/14.05/21.69
5.03/8.87/13.96 7.24/12.59/19.36 9.39/16.44/25.23
5.74/10.16/15.99 8.43/14.48/22.26 10.85/18.93/28.87
6.49/11.58/18.20 9.43/16.45/25.30 12.15/21.53/32.71
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Table A2
P10/P50/P90 storage efﬁciency factors (Esaline) for dolomite reservoirs, for ﬂat, anticline and Dome structures. Values are shown as percentages. Input ranges for Ev are
0.28–0.41, 0.28–0.52 and 0.28–0.61 for ﬂat, anticline and dome structures, respectively. Input ranges for Ed are 0.58–0.63, 0.64–0.68 and 0.66–0.78 for ﬂat, anticline and
dome  structures, respectively. Input range used for Ee/tot was 0.53–0.71.
EAn/At
0.01–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–0.99
Flat structure
Ehn/hg
0.01–0.2 0.00/0.03/0.21 0.03/0.17/0.78 0.06/0.30/1.30 0.09/0.43/1.84 0.11/0.56/2.41
0.1–0.3  0.02/0.11/0.50 0.32/0.65/1.26 0.58/1.12/2.04 0.83/1.58/2.86 1.08/2.08/3.71
0.2–0.4  0.03/0.17/0.76 0.59/1.05/1.77 1.11/1.81/2.86 1.60/2.57/3.94 2.09/3.37/5.13
0.3–0.5  0.05/0.24/1.05 0.86/1.44/2.31 1.61/2.47/3.66 2.36/3.51/5.06 3.05/4.61/6.60
0.4–0.6  0.06/0.30/1.28 1.11/1.81/2.85 2.11/3.13/4.48 3.07/4.44/6.19 3.99/5.82/8.01
0.5–0.7 0.07/0.36/1.56 1.36/2.19/3.39 2.59/3.78/5.33 3.78/5.36/7.33 4.93/7.04/9.52
0.6–0.8  0.09/0.42/1.83 1.61/2.58/3.94 3.08/4.44/6.19 4.48/6.29/8.52 5.82/8.25/11.04
0.7–0.9  0.10/0.49/2.08 1.85/2.97/4.50 3.54/5.10/7.07 5.17/7.24/9.71 6.73/9.49/12.56
0.8–0.99  0.11/0.56/2.38 2.08/3.35/5.15 4.00/5.81/8.01 5.86/8.24/11.01 7.60/10.84/14.24
Anticline structure
Ehn/hg
0.01–0.2 0.00/0.03/0.26 0.04/0.21/0.98 0.07/0.37/1.62 0.11/0.52/2.26 0.14/0.68/3.04
0.1–0.3  0.02/0.13/0.63 0.37/0.80/1.63 0.69/1.40/2.67 0.98/1.97/3.71 1.29/2.58/4.83
0.2–0.4  0.04/0.22/0.97 0.70/1.31/2.33 1.29/2.26/3.75 1.87/3.19/5.17 2.42/4.18/6.76
0.3–0.5  0.06/0.29/1.30 1.00/1.79/3.02 1.87/3.08/4.84 2.70/4.36/6.71 3.52/5.74/8.72
0.4–0.6  0.07/0.37/1.63 1.29/2.25/3.73 2.43/3.89/5.96 3.52/5.52/8.26 4.57/7.24/10.76
0.5–0.7  0.09/0.45/1.98 1.58/2.71/4.43 2.97/4.71/7.09 4.29/6.68/9.82 5.59/8.76/12.74
0.6–0.8 0.11/0.52/2.30 1.88/3.20/5.18 3.50/5.52/8.25 5.09/7.82/11.39 6.62/10.28/14.85
0.7–0.9  0.12/0.61/2.64 2.16/3.68/5.94 4.04/6.34/9.41 5.91/9.02/13.07 7.63/11.80/16.89
0.8–0.99  0.14/0.68/3.00 2.44/4.18/6.69 4.54/7.24/10.74 6.61/10.28/14.80 8.59/13.48/19.30
Dome  structure
Ehn/hg
0.01–0.2 0.00/0.04/0.33 0.05/0.26/1.19 0.09/0.45/1.99 0.12/0.63/2.79 0.16/0.82/3.60
0.1–0.3  0.03/0.16/0.76 0.42/0.97/2.02 0.78/1.67/3.29 1.12/2.36/4.63 1.45/3.10/6.01
0.2–0.4  0.05/0.26/1.20 0.79/1.56/2.90 1.45/2.70/4.68 2.10/3.84/6.53 2.72/5.05/8.52
0.3–0.5 0.07/0.35/1.60 1.13/2.14/3.79 2.09/3.71/6.12 3.02/5.27/8.50 3.89/6.88/11.06
0.4–0.6  0.09/0.44/1.99 1.44/2.71/4.70 2.70/4.70/7.54 3.89/6.67/10.44 5.01/8.68/13.58
0.5–0.7  0.11/0.54/2.39 1.77/3.28/5.61 3.29/5.69/9.01 4.75/8.05/12.46 6.19/10.60/16.19
0.6–0.8  0.12/0.63/2.79 2.09/3.86/6.51 3.88/6.65/10.45 5.63/9.47/14.53 7.24/12.39/18.90
0.7–0.9  0.14/0.73/3.24 2.42/4.41/7.46 4.47/7.66/11.97 6.48/10.88/16.63 8.43/14.27/21.73
0.8–0.99 0.16/0.82/3.64 2.71/5.03/8.53 5.08/8.79/13.67 7.32/12.40/18.90 9.42/16.21/24.60
Table A3
P10/P50/P90 storage efﬁciency factors (Esaline) for limestone reservoirs, for ﬂat, anticline and Dome structures. Values are shown as percentages. Input ranges for Ev are
0.34–0.61, 0.51–0.68 and 0.57–0.8 for ﬂat, anticline and dome structures, respectively. Input ranges for Ed are 0.26–0.41, 0.29–0.41 and 0.3–0.43 for ﬂat, anticline and dome
structures, respectively. Input range used for Ee/tot was  0.61–0.77.
EAn/At
0.01–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–0.99
Flat structure
Ehn/hg
0.01–0.2 0.00/0.02/0.18 0.03/0.14/0.65 0.05/0.25/1.10 0.07/0.35/1.55 0.09/0.45/2.00
0.1–0.3  0.02/0.09/0.42 0.24/0.53/1.11 0.44/0.92/1.80 0.64/1.31/2.52 0.83/1.71/3.31
0.2–0.4  0.03/0.14/0.64 0.45/0.86/1.59 0.84/1.51/2.57 1.20/2.13/3.58 1.57/2.77/4.61
0.3–0.5  0.04/0.20/0.87 0.65/1.18/2.07 1.21/2.05/3.31 1.73/2.90/4.60 2.24/3.78/5.97
0.4–0.6  0.05/0.25/1.11 0.84/1.50/2.56 1.56/2.59/4.11 2.26/3.68/5.71 2.92/4.81/7.41
0.5–0.7  0.06/0.30/1.33 1.02/1.81/3.05 1.91/3.12/4.87 2.74/4.43/6.77 3.59/5.80/8.82
0.6–0.8  0.07/0.35/1.55 1.20/2.13/3.56 2.24/3.65/5.68 3.25/5.21/7.87 4.21/6.80/10.26
0.7–0.9  0.08/0.40/1.78 1.39/2.44/4.08 2.60/4.23/6.51 3.76/5.98/9.04 4.87/7.83/11.67
0.8–0.99 0.09/0.46/2.00 1.56/2.78/4.65 2.92/4.79/7.42 4.23/6.81/10.24 5.47/8.91/13.27
Anticline structure
Ehn/hg
0.01–0.2 0.00/0.03/0.23 0.04/0.19/0.85 0.07/0.33/1.43 0.09/0.47/2.01 0.12/0.62/2.66
0.1–0.3  0.02/0.12/0.56 0.35/0.72/1.42 0.64/1.25/2.28 0.92/1.77/3.20 1.19/2.31/4.16
0.2–0.4  0.04/0.20/0.86 0.66/1.16/1.99 1.22/2.01/3.19 1.78/2.85/4.41 2.32/3.74/5.73
0.3–0.5  0.05/0.26/1.15 0.94/1.59/2.58 1.79/2.76/4.11 2.60/3.90/5.67 3.38/5.12/7.36
0.4–0.6  0.07/0.34/1.44 1.23/2.02/3.18 2.32/3.48/5.03 3.39/4.92/6.92 4.44/6.48/8.97
0.5–0.7  0.08/0.40/1.74 1.51/2.44/3.79 2.86/4.20/5.98 4.18/5.96/8.23 5.46/7.83/10.64
0.6–0.8  0.10/0.47/2.03 1.78/2.86/4.40 3.38/4.92/6.94 4.94/6.99/9.55 6.47/9.17/12.37
0.7–0.9  0.11/0.54/2.36 2.04/3.29/5.06 3.91/5.66/7.91 5.72/8.05/10.89 7.44/10.59/14.13
0.8–0.99 0.13/0.62/2.66 2.30/3.74/5.74 4.42/6.47/8.98 6.45/9.19/12.37 8.36/12.08/16.03
Dome  structure
Ehn/hg
0.01–0.2 0.00/0.04/0.29 0.05/0.23/1.03 0.08/0.40/1.75 0.12/0.57/2.44 0.15/0.74/3.16
0.1–0.3  0.03/0.14/0.68 0.41/0.87/1.70 0.76/1.49/2.78 1.09/2.12/3.86 1.42/2.78/5.10
0.2–0.4  0.05/0.23/1.03 0.79/1.41/2.42 1.46/2.44/3.86 2.11/3.44/5.35 2.75/4.52/7.00
0.3–0.5  0.06/0.32/1.38 1.13/1.92/3.15 2.12/3.32/4.97 3.08/4.71/6.89 4.00/6.16/8.97
0.4–0.6  0.08/0.40/1.72 1.46/2.43/3.88 2.77/4.20/6.13 4.02/5.94/8.43 5.21/7.81/11.02
0.5–0.7  0.10/0.48/2.12 1.78/2.94/4.62 3.38/5.07/7.28 4.94/7.19/10.06 6.42/9.43/13.07
0.6–0.8  0.11/0.57/2.43 2.10/3.45/5.36 4.02/5.96/8.46 5.85/8.42/11.66 7.60/11.04/15.12
0.7–0.9  0.13/0.65/2.81 2.42/3.97/6.13 4.63/6.85/9.67 6.75/9.69/13.31 8.79/12.74/17.23
0.8–0.99 0.15/0.75/3.22 2.72/4.50/6.97 5.22/7.83/11.00 7.59/11.07/15.10 9.84/14.53/19.57
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 Assumes constant 
values for hg, Øtot, ρ, 
Esaline within the closure 
area. 
Generate mid case propert y maps      
  Constru ct maps desc ribing hg, Øtot,  ρ, Esaline  and top reservoi r structur e. 
 Prope res are sto red in a regular grid w ith  a cell size of 11 8m by 174m,  cover ing the 
enre study  area . 
 Descr ibed in se cons  5.0 to  5.4 . 
Deﬁne uncertainty in mid case property maps    
 Use available data to deﬁne distribuons which describe the uncertainty in the mid case 
maps. (Shown as blue d istribu ons in  Fig 6) . 
Fit triangu lar distr ibuons  to propert y uncertainty distri bu ons                 
  All distribu ons are  replaced with best ﬁ t triangular dist ribuon s (Shown as red l ines in 
Fig 6). 
Find str uctural closure s                                                                                                                    
  Automacally  locate  all structu ral c losures within the top  reservoi r structure map . 
  For each struc ture deﬁne the  lowest closing contou r. This deﬁnes the a rea of the 
structural closure  as well as the maximum depth to  which CO2 can be  buoyantly 
trapped within the stru cture. 
 On ly st ructu ral closu res where  the crest of  the st ructu re is more than 7.5m  above  the 
lowest  closing  contour  ar e considered.  
Perturb mi d case maps                                                                                                     
  Using mid case m aps and tr iangular uncerta inty distribuons for hg, Øtot,  ρ, Esaline, create 
new randomly  pertu rbed property maps . 
 
Repeat for each structural 
closure on the m
ap. 
CO2 storage capacies for  all struc tural closures for  the curren t set of input  map s 
CO2 storage capacies for  all structura l closure s for each of  the 4000  randoml y perturbed 
input maps 
Structural Closure s 
Method  1 
Choose a struc tural closure on the  map 
  Select constant values for hg, Øtot,  ρ and Esaline from a gr id cell in  the  centr e of the 
structural closure , from th e perturbed maps . 
Calculate th e CO2 storage capacity  for the structural closur e 
  Count the number of grid cells within the  lowest  closing  contour  of the st ructu re. 
  Calcula te the  mass of CO2 for the stru ctural closur e using the  following  formula.   
 
     CV = N x GA x CH x CP x CD  x  CE x AU N 
 
  Where CV is the CO2 storage capacity  for the structural closure, N is  the numbe r of grid 
cells with in the lowest  closing  contour of the stru cture, GA is the area of one grid cel l, 
CH is the constant reservo ir th ickness for  the st ructu re, CP is th e constant porosit y for 
the st ructu re, CD is th e constant  CO2 density for  the structur e, CE is  the  constant  Esaline  
factor for the struc tur e and AUN is the a rea unce rtaint y factor. 
  For each struc ture a new  area unce rtainty facto r (AUN) is select ed from  the t riangular 
distribuon describ ing the area uncer tainty (Fig 6J). This accoun ts for th e eﬀect of top 
reservo ir st ructu re uncertainty on the  mapped area of a given stru ctura l closure. 
 
Repeat 4000 m
es, each m
e 
w
ith a n ew
 set of perturbed 
proper ty surfaces. 
Fig. A1. Flow diagram describing the workﬂow used to calculate the probabilistic CO2 storage capacity in structural closures, using method 1.
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Accounts for geometry 
of buoyantly trapped 
CO2 in structural 
closure. 
Accounts for variaons 
in hg, Øtot, ρ, Esaline 
within the s tructural 
closure. 
Generate mid case propert y maps    
Construct maps desc ribing hg, Øtot,  ρ, Esaline and top reservoi r structure. 
Prope res are sto red in a regula r grid w ith  a c ell size of 11 8m by  174m, cover ing the 
enre study area. 
Described in secons 5.0 to 5.4. 
Deﬁne uncertainty in mid case property maps    
Use available data to deﬁne distribuons which describe the uncertainty in the mid case 
maps. (Shown as blue distribuons in Fig 6). 
Fit triangu lar distr ibuons  to propert y uncertaint y distribu ons                
All distribu ons are replaced with best ﬁ t triangular  dist ribuon s (Shown as red l ines in 
Fig 6). 
Find structural closures                                                                                                                  
Automacally locate all st ructural closures wi thin th e top reservoi r structure map. 
For each structure deﬁne the  lowest  closing  contour. This deﬁ nes the area of the 
structural closure as well as the maximum depth to which CO2 can be buoyantly 
trapped within  the stru ctur e. 
Only st ructu ral closu res where the crest of  the st ructure is more than 7.5m  above  the 
lowest closing contour are considered.  
Perturb mi d case maps                                                                                                     
Using mid case m aps and tr iangular uncertainty distr ibuons for  hg, Øtot,  ρ, Esaline, create 
new randomly perturbed proper ty maps. 
Choose a struc tural closure on  the  map 
Choose a grid  cell w ithin  the lowest closin g contour for that structural closur e 
Calcula te th e CO2 storage capacity for th e current grid cel l 
Calculate ver cal  thickness of CO2 within the  grid  cel l, using  the reservoir th ickness,  top 
reservoir st ructu re and the  lowest  closing  contour . 
Calculate the  mas s of CO2 stored in tha t grid cell using the  following formula .  
     GV = GA x GH x GP  x GD x GE 
Where GV is the sto rage capac ity for  the individual gr id ce ll, GA is the area of the g rid 
cell, GH is  the vercal thickness of CO2 i.e. the  ver cal distanc e between  the lowest 
closing contou r and the top of the rese rvoir  in the  cel l, GP  is the po rosity fo r the grid 
cell, GD  is the CO2 density  for the  grid  cel l and GE is the Esaline factor for the grid  cel l. 
Calcula te th e CO2 storage capacity for the  enre  structur e 
Sum the CO2 storage capacies calculated  for each  individual grid  cel l, with in the  lowest 
.erutcurtsehtrofyticapacegarotslatotehtniatbootruotnocgnisolc
Mulply total structure capacity by a volum e uncertainty factor, selec ted from  the 
triangular distribuon desc ribing  the volume  uncer tainty (Fig  6K). This a ccounts for  the 
.erusolclarutcurtsnevigarofyticapacegarotsehtnoytniatrecnuriovreserpotfotceffe
Repeat calculaon for all grid 
cells for the chosen structural 
closure. 
Repeat for each structural 
closure on the m
ap. 
CO2 storage capacies for  all struc tural closures for  the curren t set of input map s 
CO2 storage capacies for  all structura l closures for each of the 4000  randoml y perturbed 
input maps
Structural Closure s 
Method 2 
Repeat 4000 m
es, each m
e 
w
ith a n ew
 set of perturbed 
proper ty surfaces. 
Fig. A2. Flow diagram describing the workﬂow used to calculate the probabilistic CO2 storage capacity in structural closures, using method 2.
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 Accounts for variaons 
in hg, Øtot, ρ, Esaline 
within the area of the 
stragraphic trap. 
Generate mid case propert y maps      
  Constru ct maps desc ribing hg, Øtot, ρ, Esaline and top reservoi r structur e. 
  Properes are sto red in a  regula r grid w ith  a c ell size of 11 8m by  174m, cover ing the 
enre study area. 
  Described in se cons  5.0 to  5.4 . 
Deﬁne  uncertainty in m id case proper ty  map s       
  Use avai lable data  to deﬁne  distribuons wh ich describe the unc ertainty in  the mid  case 
maps. (Shown as blue distribuons in  Fig 6) . 
Fit triangu lar distr ibuons  to propert y uncertainty distribu ons                 
  All distribuons are  replaced with  best ﬁt triangular distribuon s (Shown as red l ines in 
Fig 6) . 
Perturb mi d case maps                                                                                                     
  Using mid case maps and tr iangular uncerta inty distribuons for  hg, Øtot,  ρ, Esaline, create 
new randomly  perturbed proper ty maps. 
Stragraphic Trap  
 
Choose a grid  cell wit hin t he area of the stragraphic tra p 
Calculate th e CO2 storage capacity for th e current grid cell 
  Calcula te the  mass of CO2 stored in tha t grid cell using the following fo rmula.   
 
     GV = GA x SH x GP x GD x GE 
 
  Where GV is the sto rage capac ity for  the ind ividual gr id ce ll, GA is the area of the grid 
cell, SH is the gross th ickness of th e reservoir above  the low est closing con tour for  the 
stragraphic trap, GP  is the po rosity for the  grid  cel l, GD is  the CO2 density for th e grid 
cell and GE is the Esaline factor for the grid cel l. 
Calculate th e CO2 storage capacity  for the enre stragraphic tr ap 
 Sum the CO2 storage capacies cal culated for each  individual grid cel l, wi thin th e area 
of the st rag raphic  tra p to obtain the to tal storage capaci ty. 
CO2 storage capacity  for stragraphic trap for  the curr ent set  of inpu t maps 
CO2 storage capacit y for stragraphic  tra p for each of the 4000 randoml y perturbed i nput 
 
Repeat calculaon for all grid 
cel ls w
ithin the stragraphic trap. 
 
Repeat 4000 m
es, each m
e 
w
ith a n ew
 set of perturbed 
proper ty surfaces. 
he pro
w
a
s
R
A
A
B
B
Bmaps 
Fig. A3. Flow diagram describing the workﬂow used to calculate t
Figs. A1–A3 are a series of ﬂow diagrams which describe the
orkﬂows used in this study to calculate the probabilistic CO2 stor-
ge capacities. All calculations were performed using a series of
cripts written in MATLAB.
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